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Abstract
The emergence of robots as essential components in the development of 
flexible manufacturing systems has created a demand for measurement 
techniques capable of measuring their performance. Typically it is required 
to measure the position of the robot end effector at speeds of up to 5 m/sec in a 
1 metre sided cube and with a precision better than 0 . 1  mm.
An instrument has been developed that uses a laser tracking technique and 
the principle of triangulation to determine the x,y and z co-ordinates of an 
optical target. It consists of two identical sub-systems, a retroreflective cat's 
eye target and a supervisory microcomputer. Each sub-system aims a low 
power laser beam at the target and detects the retroreflected beam for 
feedback to the mirror actuators controlling the beam direction. The 
instrument has been modelled, calibrated and evaluated. The effect on the 
target coordinate calculation of various system errors has been studied and a 
variety of measurement tools and methods are presented to calibrate the 
instrument both at component and sub-system level and also as a final system. 
The design of the cat's eye target is reviewed and a method of manufacture 
presented. Preliminary results and design details of a new optical sub-system 
with up-graded characteristics are also included.
Tests show that the present instrument has a measurement accuracy of 
0.03%, a repeatability of 0.01% (all for 1 standard deviation) for a measurement 
space of approximately one metre cube. The beam steering scanners have a 
bandwidth in excess of 74 Hz and the tracking velocity is approximately 3 m/s.
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NOMENCLATURE
a Entry point of a ray at the cat's eye refractive surface.
a."t A point on the line of sight to the target before steering.
A,B,C,D The general representation for the four terms of a ray transfer 
matrix.
A D C 0X The digitised signal from the x-scanner angular position transducer.
A D C e y  The digitised signal from the y-scanner angular position transducer.
A D C q i  The digitised signal from the i quadrant of the quadrant detector.
A x , A y  The dither amplitude code for horizontal and vertical motion 
respectively .
b The length of the baseline between two sub-systems.
b.b The direction of the line of sight to the target before steering.
c The cat’s eye optical centre.
A  common perpendicular vector between two lines.
ci,C 2  A coherent laser light wavefront origin.
d. An offset vector in the sub-system model for the laser and
photodetector lateral offsets.
d i,d 2  The distances from the target to sub-systems 1 and 2 respectively.
d y , d z  The y and z components of d.-
D The length of the reference scale bar.
Di Reading of the linear interferometer for sphericity fringes when 
testing the cat's eye hemispheres.
D2  Reading of the linear interferometer for a cat's eye reflection at the
lens pole when testing the cat's eye hemispheres.
D3  Reading of the linear interferometer for a cat's eye reflection at the
flat when testing the cat's eye hemispheres.
Nomenclature
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[De.iLp] A 4x4 spatial rigid body displacement matrix defined by a rotation 0  
around axis u. with p. a point on p..
e The lateral eccentricity between the centres of the two hemispheres of
a cat's eye.
£. The tracking error vector at the target.
Sdetector The position of the light spot on the photodetector.
ej Incident ray tracking error at the cat's eye refractive surface.
enx*eny Normalised readings of a dual axis photodetector.
e stage The position of the retroreflected beam on the x-y stage calculated
from the detector readings.
ex,ey The tracking offsets at the photodetector.
eo Retroreflected ray tracking error at the cat's eye refractive surface.
e i + 2  The lateral uncertainty of the two lines of sight at the target.
S.l, £ . 2  The tracking offsets at the target for sub-systems 1 and 2.
E A Jones calculus vector.
Ed The Jones vector of the desired retroreflected beam at the
photodetector.
Eext The Jones vector of the secondary laser beam due to the external
resonator effect.
Ef The Jones vector of a unit intensity polarized laser beam after
retroreflection at the air path retroreflector.
Egr The Jones vector of a stray beam produced at the beamsplitter and
reaching the photodetector due to a reflection then transmission at
the beamsplitter.
Egt The Jones vector of a stray beam produced at the beamsplitter and
reaching the photodetector due to a transmission then reflection at
the beamsplitter.
E0  The Jones vector for a unit peak intensity laser beam polarized along
Nomenclature
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£ ri The Jones vector of the retroreflected beam having entered the air
path retroreflector at entry point R l.
f l  Focal length of the beam expander input lens.
f 2  Focal length of the beam expander output lens.
g The on-axis distance between the centres of the two hemispheres.
h The distance a ray in the cat's eye and the cat's eye centre.
X The peak intensity of a Gaussian distribution laser beam.
Td Peak intensity of the desired retroreflected laser beam at the
photodetector.
Text Peak intensity of the secondary laser beam due to the external
resonator effect.
Tgr Peak intensity of a stray beam produced at the beamsplitter and
reaching the photodetector due to a reflection then transmission at
the beamsplitter.
Tgt Peak intensity o f a stray beam produced at the beamsplitter and
reaching the photodetector due to a transmission then reflection at
the beamsplitter.
Ttar The peak intensity of the laser beam incident upon the target.
[I] The identity matrix.
3 A Jones calculus matrix.
3al,<j>x The Jones matrix at an aluminium evaporated mirror for an angle of
incidence <j>x .
3ebsr The Jones matrix of an all dielectric beamsplitter in reflection.
jebst The Jones matrix of an all dielectric beamsplitter in transmission.
3 im The Jones matrix of an ideal mirror.
jpbsr The Jones matrix of a polarizing beamsplitter in reflection.
Nomenclature
the Jones x-axis.
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Nomenclature
The Jones matrix of a polarizing beamsplitter in transmission.
The Jones matrix of an ideal quarter wave plate with its fast axis 
parallel to the Jones x-axis.
The Jones matrix for a laser beam passing through an air path 
retroreflector and incident at entry point R l.
The lateral effect photodetector nominal gain.
The gain of the temperature controller for the scanner body.
The distance traveled by the beam from the cat's eye to the 
photodetector.
L3  Identifiers for three possible optical entry points to an air path 
retroreflector.
A point on a mirror surface.
Points on the x and y scanning mirrors respectively.
The normals to the x and y scanning mirrors respectively.
The z component of m x.
The z component of m_y.
The beam expansion ratio.
A paraxial ray transfer matrix.
The ray transfer matrix for a reflection at the convex large bottom
hemisphere of the cat's eye in the cat's eye assembly rig.
The transfer matrix for a ray reflected at the hemisphere spherical
surface and for reference planes at the lens centre.
The transfer matrix for a ray reflected at the hemisphere's pole and
for reference planes at the lens pole.
The ray transfer matrix for a retroreflection at the cat's eye in the
cat's eye assembly rig for the input and output reference planes at the 
centre of the large hemisphere.
The ray transfer matrix for a reflection at the cat’s eye small surface
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Nomenclature
with the input and output reference planes at the lens centre.
r i y  The ray transfer matrix for a retroreflection at the cat's eye with the
input and output reference planes at the centre of the small 
hem isphere.
The ray transfer matrix for a refraction at the cat's eye small surface 
with the input and output reference planes at the surface centre.
H 2 The ray transfer matrix for a reflection at the cat's eye large concave
surface with the input and output reference planes at the surface
centre.
n 3  The ray transfer matrix for a refraction at the cat's eye small concave
surface with the input and output reference planes at the surface
centre.
?t4  The ray transfer matrix for a refraction at the cat's eye large convex
surface with the input and output reference planes at the surface
centre.
3 ± 5  The ray transfer matrix for a reflection at the cat's eye small concave
surface with the input and output reference planes at the surface
centre.
3T6  The ray transfer matrix for a refraction at the cat's eye large concave
surface with the input and output reference planes at the surface
centre.
n A refractive index.
n_ The normal to a mirror, leaving the mirror.
n c Crystic refractive index.
n g Schott BK-7 glass refractive index.
n P Perspex refractive index.
n.f. The number of interference fringes on a fringe pattern.
Nal The complex refractive index of aluminium.
N r The number of repeated attempts by the robot to perform a specific
test task.
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pace The robot positioning accuracy vector.
path (t) A robot path in space defined as a time dependent position.
pathr] (t) A robot desired path.
[pathacc] A robot path accuracy.
[pathi] A robot attained path.
[path3 S] The three standard deviation matrix of all robot repeated paths,
[pathp.] A robot mean attained path.
Pbeamlstage The intersection point of the incident beam on the x-y stage during 
detector calibration.
Pc The middle point on the common perpendicular defining a target
position.
£cl»Hc2 The points where the common perpendicular vector intersects its two
defining lines.
Pd A robot desired position.
p_i A robot attained position.
prrblstage The position of the retroreflected beam at the x-y stage during 
detector calibration.
Hsl>ILs2  The two target positions on the reference scale bar.
E-targetlstage The position of the target on the x-y stage during detector 
calibration.
Rtargetlstagelcalc The calculated target position on the x-y stage from the 
detector outputs.
Px.Py Points on the axes of scanners x and y respectively.
pyz The z-component of py.
P3 S A vector made of the three times the standard deviation of the robot
attained positions spread along each of its cartesian axes.
Nomenclature
N s The number o f samples taken by the instrument,
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£jj. The robot mean attained pose,
r Cat's eye refractive hemisphere radius.
r. The vector of residual errors used for the calibration of a test site.
Idetectorlstage The position of the detector origin relative to the x-y stage
frame of reference.
rp ,rs The Fresnel complex-amplitude reflection coefficients for an
aluminium evaporated mirror.
r 0  2 / 1  A translation vector indicating the origin of reference frame 2
relative to reference frame 1 .
R Cat's eye reflective hemisphere radius.
Rmf The reflectivity of the magnesium fluoride anti-reflection coating on
the Ealing all dielectric beamsplitter.
Rmg The reflectivity of the anti-reflection coating on the Melles-Griot
polarizing beamsplitter.
R l,R 2 ,R3  Identifiers for three possible optical entry points to an air path 
retroreflector.
[Ra,x] A basic rotation matrix defining a rotation a around the x-axis.
Re A Jones calculus rotation matrix for a rotation 0 .
[Rerll] An axis rotation matrix defining a rotation 0 around axis u..
s Estimate of a population standard deviation calculated from a sample.
& The scanner rotation axis when calibrating a scanner by
autocollim ation.
si,S 2  The half side lengths of the target position uncertainty in the plane of
sight.
S The residual error for the site scale calibration,
t A hemispherical lens thickness.
Ts The instrument's sampling interval.
Nomenclature
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Ti 
T 2
t3
T(d,n)
[T2]l
un
UP
u p l>u p2 
U X , U y , U 2
Hxdly
V 0
wo i
W bW2
x do/t 
x t/st 
x to/st
yo
Distance between the input laser beam waist and the beam 
expander input lens.
Distance between the two internal focal planes of the beam expander 
lenses.
Distance between the output laser beam waist and the beam expander 
output lens focal plane.
A ray transfer translation matrix where d is the traveled distance in 
the medium and n the refractive index of that medium.
The transformation matrix to refer a vector from reference frame 2 
into reference frame 1 .
The measurement uncertainty normal to the plane of sight.
The largest o f  Upj and Up2 .
The half length diagonal of the target position uncertainty 
parallelogram in the plane of sight due to line of sight errors.
The components of n.
The direction cosines of the axes of rotation of scanners x and y 
respectively .
Optical direction cosine of an incident ray to the cat's eye for a 
reference plane at the cat's eye pole.
The beam radius before the beam expander.
Distance traveled by a coherent light wavefront.
Minus the photodetector reading for no tracking error at the target 
when calibrating the lateral effect photodetector.
The position of the target on the x-y stage during calibration of the 
lateral effect photodetector.
The x-y stage reading for no tracking error at the target.
Off-axis distance of an incident ray to the cat's eye for a reference
plane at the cat's eye pole.
Nomenclature
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yot, Vot Ray vector of an incident ray to the cat's eye for a reference
plane at the cat's eye optical centre.
y i ,  Vj Ray vector after refraction on entry at the cat's eye.
y 2 , V2  Ray vector after translation on entry through the cat’s eye.
y 3 , V3  Ray vector after reflection at the cat's eye reflective surface.
y 4 , V4  Ray vector after translation on exit through the cat's eye.
yf, Vf Ray vector of a retroreflected ray from the cat's eye for a reference
plane at the cat's eye pole.
yft, Vft Ray vector of a retroreflected ray from the cat's eye for a reference
plane at the cat's eye optical centre.
z Distance from a hemisphere's pole and the point in the lens where the
entering light wavefront would be focused if no refraction occurred.
zoi The confocal beam parameter before the beam expander.
a b>Pb The spherical angles defining the beam direction before steering.
a s,ps The spherical angles defining the scanner rotation axis relative to the
theodolite when calibrating the scanner.
ctpPt The spherical angles defining the orientation of the theodolite
telescope when calibrating a scanner.
«ux>Pux The spherical angles defining the x-scanner rotation axis.
a Uy,pUy The spherical angles defining the y-scanner rotation axis.
a  1 , 0 2  The angles between the baseline and the lines of sight to the target for
sub-systems 1 and 2  respectively in the plane of sight.
% Incidence angle of a ray at the cat's eye reflecting surface.
2
Xa Statistical chi squared distribution value.
6  The uncertainty of measurement on the on-axis angular position of a
scanning mirror.
A The observed gap between a near hemisphere's flat and its geometric
Nomenclature
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centre.
e The one axis uncertainty of measurement on the tracking offset at the
target.
£. The error vector between the detector prediction of the target position
on the x-y stage and its actual position.
e0  A reference error on the determination of the tracking offset at the
target and equal to 1 0  jim.
(j) The half angular aperture of a lens.
<j)i The incidence angle of a ray entering the cat's eye.
<|)r The angle of a ray after refraction while entering the cat's eye.
^x.^y The angle of incidence of the laser beam at mirrors x and y
respectively .
Yd The photodetector angular misalignment in the sub-system around an
axis normal to its surface.
Yn The half angle of the cone described by the normal to a scanning
mirror.
q> The difference between (jq and \y.
X The laser wavelength.
n 3.14159...
0jx>0jy The Jones rotation angles at the x and y scanning mirrors.
Qx,8 y The angular positions of the x and y scanners respectively.
®xl,®x2  The angular positions of the x scanners for sub-systems 1 and 2.
0yl,0y2 The angular positions of the y scanners for sub-systems 1 and 2.
px The radius of curvature of the coherent light wavefront reflected at
the input small surface of the cat's eye.
p y  The radius of curvature of the coherent light wavefront retroreflected
at the cat’s eye.
Nomenclature
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Nomenclature
pz The radius of curvature of the coherent light wavefront incident to
the cat’s eye and measured at the centre of the input hemisphere.
pi, pa Radii of curvature of coherent laser light wavefronts.
a Angle between the cat's eye retroreflection symmetry axis and the
input ray direction.
a2  Statistical variance.
v i The angle made by a ray with the optical axis when entering an
hemispherical lens.
v2  The angle made by a ray with the optical axis after refraction at an
hemispherical lens.
y  Divergence angle of a ray after retroreflection by the cat's eye.
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1.1 M otivation for the Research
Since its beginning in the late 1950's the field of industrial robotics has 
evolved to the point of being a key factor in industrial competitiveness. The 
importance of industrial robotics for todays industry is shown not only by the 
evolution in the number of machines used in the most industrialized nations 
but also by the variety of applications for which they can be used. [1, 2, 3] In 
particular they are key elements in the development o f flexib le  
manufacturing systems (FMS).
In order for a robot to be adequately selected and successfully applied by 
prospective users, much information is required to comprehensively 
characterize the machine in terms of its achievable performance. This need
was recognized by Hasegawa (1974) who published the results of a survey
amongst robot users [4]. He recommended the development of standards 
relating to the terminology and specification of industrial robots.
Although it was generally agreed that some form of standardization was
required, some authors expressed concern that it could hinder development in 
the field . Engelberger (1976), expressed much reluctance towards 
performance evaluation and specification considering such a move as 
premature and likely to stifle healthy growth [5]. Inagaki (1980) took a more 
constructive stand by detailing those aspects of standardisation that should be 
addressed, for example, terminology and characterization. He also pointed out 
that the area of performance inspection was not sufficiently developed for a 
standard to be defined.[6 ]
An early draft proposal for the establishment of standards was published by 
Ozaki (1977) in which emphasis was put on providing users with a set of 
characteristics that would be relevant to the machine selection process. He
pointed out the lack of instrumentation associated with the measurement of 
continuous path robot performance [7]. Much work was also done in Germany 
at IPA in Stuttgart in the late 1970's in defining test parameters as well as 
simple measurement techniques [5].
The involvement of large Standards organisations such as DIN, in Germany 
and the ISO in the 1980's led to the preparation of detailed proposed standards 
[8 , 9, 10, 11]. These emphasise terminology, the definition of application 
related parameters and testing methods. Although the DIN documents specify
Ph.D. 1988 J.R.R. MAYER 2
Chapter 1 Introduction
measurement techniques, the ISO standard does not. This approach is likely to 
encourage further development of better test instrumentations.
The evolution in measuring techniques and required specifications 
parameters has followed that of robotics in terms of how the machines are 
programmed and used. As early robots were mostly of the pick and place type 
and were programmed on-line using some form of teach mode, simple static
techniques could be used to assess their performance. In this case, merely 
static repeatability is of interest. However, with the advent of continuous path
machines capable of specific path motions, the measurement of kinematic
parameters was required, and put higher demands on the instrumentation. 
More recently, much interest has arisen from the use of off-line programming
techniques, the main advantage of this technique being a reduction of robot
down time and more importantly the computer integration o f the 
manufacturing process (CIM) from design to product. Off-line programming , 
to be practical, requires the robot to be able to position its end effector
accurately at a programmed position explicitly defined in terms of its 
coordinates. The demands on a test technique in this case are to be able to
accurately measure the position of the end effector in the whole robot 
workspace with respect to a single reference set of axes.
The use of on-line sensors as robot peripherals has in some cases increased
the requirements for robot accuracy. An example o f an on-line sensing 
technique is called pre-determined guidance [ 1 2 ], the on-line equivalent of 
off-line programming. Here a vision system is used to locate reference
features on a workpiece and this information is then used by the robot
controller to up-date its locations.
So far in this section consideration has been given to the need for 
instrumentation created by the demand for better specifications. However the
areas of industrial robot design, validation and calibration would also benefit 
from the availability of good instrumentation. Another area of application is 
in the validation of off-line programs i.e. the verification, prior to installation 
on the production line, that a robot operation sequence will produce the 
desired action with the required speed and precision.
The work of Zorkany and Tondu (1986) shows how an off-line program can
be improved by making on-line measurements of the robot path. The off-line 
program is then adjusted on the basis of these measurements and according to 
a pre-defined algorithm in order to make the robot follow more closely the
desired trajectory [13]. This work goes further than off-line program
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validation since it introduces an element of feedback in the process of off-line 
program m ing.
Adequate instrumentation for the monitoring o f robot positioning 
performance could be used by manufacturers in three areas. The first area is 
quality control where the machine can be tested at the end of the production 
line. The second is design where the instrument could be used as a tool for 
testing new designs or assessing the effect of design changes. Finally, there is 
the area of robot calibration which has recently received much attention.
It has been noticed that in general industrial robots have good 
repeatability but poorer accuracy figures [14, 15, 16], The factors affecting 
robot accuracy were discussed by many authors [14, 15, 16, 17, 18, 19, 20]. It is 
widely accepted that considerable improvements to robot accuracy can be 
achieved by providing the robot controller with a more accurate geometric 
model of the robot manipulator. The problem of a mismatch between the robot 
real geometry and control model geometry can be solved in two different ways. 
One approach is to tighten manufacturing tolerances this implies increased 
costs and is not necessarily technically possible; another approach is to use a 
calibration method after the final assembly of the machine. Scheffer (1982) 
presented an overview of a method to identify the geometric model parameters 
of an industrial robot [18]. However, he made no mention of the mathematics 
involved nor did he give any results. Mooring (1983) suggested a mathematical 
algorithm for the calibration of the kinematic model of a 6 -axis revolute type 
robot [14]. This method requires measurements of the position and orientation 
of the robot tool point for at least seven pre-defined locations relative to the 
robot itself. Thus imposing the use of a flexible measurement technique.
Mooring himself found this difficult to achieve and produced a second
algorithm a year later, this time requiring the measurement of at least six 
arbitrary locations [15]. Mooring did not practically test these methods 
although the second one was successfully simulated. The problem of robot
kinematic calibration was also addressed by Whitney (1984) [16] when he 
applied his algorithm to a Puma 560. He also extended the calibration to non­
geometric parameters such as joint compliance, gear transmission errors and 
backlash. The robot model was improved so as to predict the position of the 
gripper using the joint encoder angles from an error of 4.8 mm to as little as 
0.3 mm. Whitney pointed out, however, that considerable time was required to 
acquire the experimental data due to the use of theodolites. Whitney (1987) 
published the result of work on a reverse calibration algorithm [21]. The
reverse calibration is relevant to the process by which the robot controller
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determines the manipulator joint angles that will locate the robot end point at 
the desired pose. In both papers, Whitney indicated the need for an automated 
system that could measure tool position and orientation with accuracies 
comparable in magnitude to the robot repeatability.
It is apparent that better instrumentation is needed for the measurement of 
industrial robot positioning characteristics firstly to produce better robot 
specification data sheet to assist the selection process o f robot users and 
secondly to support the development of better machines. It should also be said 
that an area which has not yet received much attention is the on-line control 
of robotic manipulators by end point position feedback. It is likely that the 
availability of an instrument capable of independently measuring the robot 
tool point position, on-line, could lead to changes in robot design and control 
strategy.
LI Survey of Spatial M m iiLfemsu i  X&slummfts.
When judging the quality of a measurement technique for monitoring the 
position and possibly also the orientation of the tool point of an industrial 
robot, the following criteria are important: the number of degrees of freedom 
measured; the uncertainties of measurement such as accuracy and 
repeatability; the measurement bandwidth; the movement constraints imposed 
on the robot; the minimum weight added to the robot by the instrumentation; 
the contact forces applied; the portability of the equipment; the ease of data 
acquisition; and finally its cost.
In the survey that follows the various techniques are grouped according to
the principle used to produce the measurement. This division will help judge 
the merits of each approach. These groups are: proximity sensor based; 
mechanical couplings; multicentre radial; triangulation; photogrammetry and
finally spherical coordinates.
Proximity sensor based techniques
These techniques use a sensing head made up of several sensors, which is 
made to interact with a reference object. The various systems differ by the 
type of sensor used, either mechanical, electrical, or optical, which will affect 
the ease with which data is gathered. They also differ by the configuration of 
the sensing head which affects the number of parameters measured. This type
of technique was first used because of its simplicity and low cost. It is still
today one of the most widely used techniques.
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Most of the techniques that will be presented in this category are well
suited for the measurement of on-line accuracy and repeatability at a point in 
space. On-line performance criteria are those relevant to the operation of the
robot using teach programming However, in some cases the techniques have 
been extended to the measurement of off-line accuracy measurements by 
using them in conjunction with other techniques. Off-line performance 
criteria are important when the robot is programmed using explicit
programming techniques. also, some work is presented where the 
measurement of restricted path characteristics has been made possible using
the same technologies.
A system was proposed by Morgan (1980) for measuring positional on-line
accuracy and repeatability. A dial gauge mounted on two orthogonal vernier 
calipers is attached to the robot end effector while a plate is located anywhere 
in the robot workspace. The plate constitutes a reference. The robot is made to 
approach the plate normally and the plunger is brought into contact. The 
vernier calipers are used to reset the position of the tip of the gauge on the
plate origin. The author described the procedure as long and tedious. The
major contribution of the paper is probably the test method for doing a 
complete performance description. A 3D mesh is defined within the 
workspace. Measurements are made at each node of the mesh for all six
approach directions if  it is accessible. [2 2 ]
Another technique, this time using a single spherical surface was used by 
Cop (1983). The system measures on-line position repeatability and accuracy.
A spherical surface is attached at the robot tool point and a sensing head is 
held within reach of the robot. This head consists of three blocks, two of 
which have wedges. During testing the spherical surface is inserted between 
the blocks pushing them away from each other. There is one proximity sensor 
for each block in order to measure its displacement. The accuracy of 
measurement is quoted as 10 microns for a five millimetre range. [23] It is 
expected that some contact forces are required for the system to operate.
Dial gauges and spheres were combined in a technique described by 
Acquaviva and others (1985). Three precision spheres forming a triangle are 
attached at the robot tool point while three sets of three dial gauges are held
within the robot working volume. By pressing the spheres against the gauge 
arrays so that each sphere contacts with its three associated gauges, it is 
possible to calculate the position and orientation of the ball assembly. [24] The
major drawback to this technique is the difficulty in adapting it to the use of
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either capacitive or inductive sensors due to the need to measure on a 
spherical surface which involves measuring at angles.
McEntyre (1976) described a method to measure the relative position and 
orientation of an instrumented corner cube and a reference cube. A sensing 
head is attached to the robot end effector and consists of three orthogonally 
located pairs of dial micrometers. Each pair is sensitive to movement along a 
single axis and rotation around another axis [25]. A typical test consists in 
firmly locating the reference cube in the robot workspace and teaching the 
robot a location within the range of the proximity sensors. The location is
then played back and on-line accuracy and repeatability are then measured. 
In order to accelerate the data processing, McEntyre recommends to average 
the raw data for each individual sensor and also to calculate the standard 
deviation. The location is then calculated for the taught position and also for 
the sum of the average and one standard deviation. This treatment can 
however lead to a result that is different to one obtained by first processing 
the individual sets of readings and then doing the statistical analysis. This is 
because the equations used are non-linear, a fact pointed out by McEntyre
himself. The mathematical representation chosen by McEntyre to define the
orientation of the cube is inadequate. He uses a single unit vector to do so,
which is unable to express rotational information. This inadequacy was 
noticed by McCallion (1977) who gave a supportive numerical example of this 
anomaly [26].
McCallion (1977) further refined the technique by proposing alternative 
mathematical representations for two relative cube locations. A cube location 
is defined by the position and orientation of its reference frame. The relative 
location is then expressed by a transformation that brings one frame in
coincidence with the other. To achieve this, McCallion uses either generalized
coordinates or the transformation as a rotation angle around an axis plus a 
translation vector. No specific hardware is mentioned nor is any experimental 
test mentioned. [26]
The aspect of data presentation and analysis for this technique was later 
considered by Langmoen (1984) [27]. He gave a statistical analysis for 
representing accuracy and repeatability for both the position and orientation 
errors. However, the mathematical processing of the raw data to calculate the 
cube location is only approximate.
Warnecke and Broadbeck (1977) reported a system developed at IPA
(Stuttgart) that extended this type of technique to the measurement of off-line
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accuracy. This is achieved by attaching the measuring head to a coordinate 
measuring device so that its position can be monitored and held at various 
points. The head uses three inductive sensors. This arrangement does not
allow for the measurement of orientation. However the use of inductive 
sensors make possible automatic data acquisition and permits the measurement 
of transient movements. The reference cube is attached at the robot end 
effector and contains three accelerometers providing further information on 
the robot motion. Another novel feature is the mounting of the measuring 
head on a cardanic joint. This joint allows for rotation of the head without 
upsetting the position of its origin. [28, 29]
Fohanno (1982) also described a cube and corner cube technique where the 
sensing head is attached to the robot end effector. The fact of having the 
sensor and not the reference object at the robot end, represents a more cost 
effective arrangement for the measurement of multiple pre-set locations since 
each one can be materialized by a cube which is cheaper to produce then the 
sensing head. The test site can be calibrated and left in place. The head .uses 
six sensors and the data acquisition is automated. [30]
The use of six sensors for measuring six variables does not provide any 
redundant information that could be used either to assess the quality of the 
measurements or to perform some calibration of the test equipment. This was 
corrected by Ranky (1984) who added one sensor on each face of the corner 
cube. The additional data is used to check the perpendicularity of the measured 
normal vectors to each of the three cube faces. [31] The representation chosen 
to express the orientation of the cube suffers the same limitation as that of 
McEntyre.
Another variation of the cube technique was mentioned by Lombard (1983). 
Six proximity sensors of the differential transformer type are fitted with 
retrieving pneumatic mechanisms. The sensors are retrieved during robot 
approach to prevent them being damaged. This prevents the measurement of 
transient motions. Another disadvantage is the application of contact forces. 
However a novel feature is the use of an altuglass cube with six metallic inserts 
matching the expected contact point for the sensors. [32]
A visit to the Laboratoire national d'essais (LNE) Paris in June 1986 gave the 
opportunity to see their test equipment. The work is conducted by Priel, Schatz 
and Meyran. A measuring head consisting of nine inductive sensors is 
attached at the robot tool point. The reference cubes are made of plastic and 
have nine metallic inserts. The cube assembly is ground for precision. Each
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cube is mounted on a tripod through a mechanism that allows small 
adjustments of the cube location to be made, which facilitates the set-up 
procedures. The sensors used had a resolution of around one micrometer but 
only had a two millimetre range. Such a small range renders testing 
extremely precarious because of the approach transient o f many current 
robots. However, work was carried out on a new sensing head using capacitive 
type sensors that have a range of around twenty millimetres. In order to 
provide off-line pose accuracy measurement capability, the Laboratoire 
national d'essais uses a theodolite triangulation technique to measure the 
location of the reference cube with respect to a common frame of reference. 
[33, 34, 35]
On the subject of designing the hardware of the test stand very little detail 
is generally available. Albertson (1984) discussed the general design criteria 
which must be considered. [36]
None of the techniques described so far is capable of measuring the robot 
ability to follow prescribed paths. However by modifying the proximity 
transducer configuration measurements may be made along specific  
trajectories which are represented by reference objects. For example a 
straight trajectory is given by a precision reference beam.
Broadbeck and Warnecke documented such techniques (1977). Their 
sensing head had two inductive sensors that could monitor the relative 
position of the sensing head in a plane normal to the axis of a square hollow 
steel beam used to define a linear path [28, 29]. They also described the use of a 
four sensor head that in addition to measuring the lateral offsets could also 
measure two relative rotations of the head around axes perpendicular to the 
path [5].
The Laboratoire national d’essais (1986) produced a comprehensive 
technique based on the same idea but using a five capacitive sensor head 
which gives increased range. The only information not monitored by the 
capacitive sensors is the displacement along the path. However, a crude 
optical method is used for that purpose. It detects the passage of markers 
spaced about two centimetres along the path. The technique is also used in 
conjunction with circular trajectories. [35]
Recently, however, a novel optical instrument has been commercialized 
that is well suited for the performance measurement of straight line path 
following. It is called Robotest. The Robotest system made by Polytec GmbH
Ph.D. 1988 J.R.R. MAYER 9
Chapter 1 Introduction
measures all six degrees of motion of a sensor head which can be mounted on 
the robot end effector. The measurements are possible only within a volume of 
20x20 mm2 by 10 m and at speed up to 10 m/s. Two laser beams are aimed at the
sensor head. The beams are not steered. One beam is used for optical
interferometric distance measurement along the beam and also for the
measurement of the rotation of the sensor head around that beam. The second 
beam provides a second reference and is detected within the head. The 
remaining four movements are deduced from the three lateral effect
photodetectors located inside the head. The resolution is said to be better than 
ten microns linearly and 0.003 deg. for orientation. The angular range is 
limited to +/- 3 deg.. [37]
In conclusion, proximity sensor based techniques offer excellent 
performance for the measurement o f robot characteristics relevant to their 
use in a teach programming mode. However they do not easily extend to the 
measurement of characteristics relevant to explicit programming. In the case 
of path characteristics, they are restricted to pre-defined paths. Also the 
method is time consuming due to the need to carefully match the position of 
the reference object to the robot movements and as such does not lend itself to 
automated testing when many points are to be measured.
Mechanical Couplings
The second group of techniques uses semi-permanent mechanical 
couplings between the robot end effector and a mechanical system. These 
systems provide greater freedom of movement to the robot arm at the expense 
of dynamic intrusion through added force, inertia and load, thus affecting the 
physical properties of the robot under test.
Such a system was produced by Cop (1983) and consists of a straight bar
with one end attached to the robot end effector via a ball joint. The
longitudinal movement of the bar is monitored in terms of speed and
displacem ent with a tachogenerator and an encoder or multiturn 
potentiometer respectively. The author quotes that a one meter stroke can be 
measured with a ten micron accuracy and a speed up to 1.5 meter per second. 
[23]
Another technique is the magnetic ball bar as described by Bryan (1982) 
[38]. A version of this system is recommended by the ANSI/ASME for the 
testing of coordinate measuring machines [39]. The bar system comes in two 
versions. One has a fixed length and the other is telescopic with a linearly
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variable differential transformer sensor to monitor its change in length. Both 
units use a chrome steel bar and a pair of associated high stiffness magnetic 
sockets. Each bar has a steel ball at each end. One ball is set in a magnetic 
socket attached at the robot end effector while the other ball-socket 
combination is at some other fixed location. The rigid bar is of limited use 
since it requires the robot to be operated in the unlocked and free mode with 
the drives inactive. This is because the end effector is constrained to moving 
on a spherical surface. The telescopic bar is more suitable since the robot can 
operate freely provided that it can be made to move on a spherical surface with 
errors smaller than the range of the linear sensor. The length is reported to 
be monitored to an accuracy of one micron.
Multicentre Radial Techniques
The techniques that will now be discussed all use the principle here called 
multicentre radial i.e. the position of a point is defined as the intersection of 
three or four eccentric spheres. In practice, the method requires measuring 
the distances to a point from fixed centre points. Numerous techniques have 
applied this principle with varying degrees of success.
Geyer and Wilson (1975) described a technique consisting of four cables 
attached to the target to be monitored. Each cable is wound around a drum 
driven by DC motors and monitored with angular encoders. The technique was 
part of an attempt to develop a man-machine tactile interface.[40] Fohanno 
(1982) described a similar technique consisting of three steel cables attached to 
the robot tool point. The drums' angular position are monitored using 
potentiometric transducers. A spring keeps the system under tension [30]. As 
expected, forces are applied to the robot, which are themselves functions of 
the position. It is also worth noticing that the use of only three cables does not 
provide any redundant data and hence it is not possible to detect, if for 
example, one of the cables has become slack at some point of the test.
The techniques that follow are of the non-contacting type and so are non- 
intrusive. Some use ultrasound, others optical interferometry.
The use of ultrasound greatly enhances the capability of this principle of 
measurement. The technique was first mentioned by Roberts (1966). A burst 
of ultrasound is emitted from one of four fixed position transmitters and the 
time it takes to reach a receiver attached at the point to be monitored is 
measured by a digital counter. The counter is reset at the time of emission and 
stopped on reception. The transmitters are located at the corners of a
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rectangle. Every ten milliseconds an emitter produces a twenty microsecond 
burst in the range 20-100 kHz. As a result the four readings take around 40 
milliseconds to complete thus limiting the measurement bandwidth to 25 Hz. 
One source of error is the change in the speed of sound with air temperature 
which is in the order of 0.1% per degree Fahrenheit. Another is the presence 
of breezes which were estimated to contribute 0 . 0 2  to 0 . 1  inch for a travelled 
distance of three foot [41].
A commercial instrument is available that uses ultrasound called 3D Sonic 
Digitizer [42]. It has a faster measurement rate than the above technique
resulting from the interchange of the transmitter and receiver positions. A 
single sound source is used which is attached to the point to be monitored. In 
this case a single pulse is sufficient to produce a complete position 
measurement and as a result a faster sampling rate of 80 Hz is obtainable.
More recently, considerable effort has been devoted to the use of optical 
interferometry in the context of multicentre radial measurements. The basic 
principle is to use at least three laser tracking interferometers to follow the 
movement of a cat's eye retroreflector. Whereas conventional interferometry 
only allows measurements to be made along a straight line, a tracking 
interferometer bends the measurement axis optically so that it is always on the 
target. The target is a lens type retroreflector and not a conventional cube 
corner type. This is because the method requires the measurement of
distances from at least three points, and so the target needs to have a wider
angular aperture to allow all beams to be retroreflected simultaneously.
Greenleaf (1982), at Itek Optical System Inc. USA, described and instrument
which can be used for the measurement of large surface profiles. The beam
steering unit is a critical part of the design since it must deflect the beam 
around a true point to ensure that the beam path length is independent of the 
steering angle. This is obtained using a hemispherical air bearing driven by a
two axis gimbal mechanism. The retroreflected beam is used for fringe 
counting and also for closing the servo loop to perform the tracking action. 
Four trackers are used and the redundant fourth measurement is used to make
the system self-calibrating. The accuracy is evaluated at 0.2 micrometer in x,y 
and z. [43, 44, 45]
A similar system has also been described by Pfeifer (1985). [46]
Anderson (1983) proposed to extend the method to a multichannel system 
with up to fifty channels to monitor multiple points. The author intended to
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have many targets on the arm and to use the system for on-line control of the 
robot location. A novel feature in this design is the use of a modulated He-Ne 
laser beam that can provide absolute measurements instead of the incremental 
measurements given by the previous system. The advantage of this is that an 
interruption of the beam does not produce a loss of calibration. The author 
expects a sampling rate of 100 Hz and an individual distance resolution of 25 
microns. Only partial experimental validations have been reported. [47]
Another system using tracking interferometry has been developed at 
Chesapeake Laser Systems Inc. USA. This system uses a scanning mechanism 
based on the use of 90 degree crossed-axis prisms instead of a single pivoting 
mirror. It has a measurement rate of 200 Hz and an accuracy better than ten 
microns over a 3x3x3 meter cube. The total cost is US$200,000. No mention is 
made of the maximum target speed allowed. [48]
Triangulation Techniques
The principle of triangulation has been used for many years in the field of 
metrology. Strand (1985) wrote that it was used by Egyptians in the 
construction of pyramids [49]. For the present classification the group will
include any technique that defines the position of a point as the intersection 
of lines, planes or a combination of the two. These techniques can in some
cases provide orientation information by taking multiple point position 
m easurem ents.
The optical theodolite is extensively used for coordinate measurements. The 
method consists of measuring the lines of sight to the target from two 
theodolite positions. The technique is only suitable for static targets due to the 
need for an operator to align the telescope on the targets. However the data 
acquisition can be automated with the availability of electronic theodolites
with interface ports. The accuracy of measurement depends on target quality,
theodolite accuracy, target location relative to both theodolites, operator skill
and finally the distance between the two theodolites.
The two theodolite technique was applied to robot performance
measurement by Desmaret (1981) who quoted an accuracy of 0.15 mm for a 
measuring volume in excess of 20 m3. [50] Similar systems have since been 
developed by most major theodolite manufacturers. Amongst these systems
are: the Zeiss Industrial Measurement System [51]; the 3820A Coordinate 
Determination System from Hewlett Packard [52]; the Kern Electronic 
Coordinate Determination System [53, 54, 55] and the Remote Measuring System
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RMS2000 produced by Wild Heerbrugg and Ernst Leitz Wetzlar [56]. The latter 
system uses a Wild T2000 electronic theodolite capable of an angular accuracy 
of 0.5 second of arc [57].
The system that will now be described is of a more unusual nature. It uses 
two cross-shape beams issued from two separate stations. The system, described 
by Aria (1983), is called "Bird" and consists of an instrumented target made of 
two ring shaped charge coupled devices (CCD) mounted on adjacent faces of a 
cube. A cross shape He-Ne laser beam is aimed at the centre of each ring 
sensor via a dual axis scanning unit using galvanometric actuators fitted with 
mirrors. The system can simultaneously measure the position and the
orientation of the target. The accuracy of the system is low and expected to be
two millimetres in translation and four degrees in rotation due to the 64 pixel 
array used. The tracking loop is digitally controlled and requires the on-line 
computation of the target location. [58]
Another innovative device, called the self-tracker, which has however not 
appeared as a commercially available system, was mentioned by Bishop and 
Fuchs (1984). A sensing device is attached to the object to be monitored. The 
device has six linear CCD arrays grouped in pairs looking in orthogonal
directions. Each pair provides information on range and lateral movement by 
comparing successive images and measuring their relative shift in integer 
pixel number. A computer gathers this data and calculates the position and 
orientation of the device. Normal ambient lighting is reported to be sufficient. 
The prototype though still at the planning stage, was expected to have a 
resolution of 1.4mm and 0.04 degree at two metres using 200 to 300 pixel arrays. 
Problems of drift were expected that could be corrected by the use of fixed 
reference bright blinking LED's at known locations in the measurement space. 
[59]
A system using three charge coupled device sensors was reported by Fuchs
(1977) where the target is a punctual source of light. The system automatically 
measures the coordinates by defining the target's position as the intersection 
of three planes. Each sensor is fixed at a convenient location around the 
measurement space with its active surface facing the volume where the target
is to be found. An edge, located just in front of each array, produces a shadow
on the detector by obstructing the light coming from the target. The location
of the shadow on the CCD array and of the physical edge defines a plane
passing through the target. No experimental results are mentioned, but the 
resolution is expected to be limited by the number of array pixels. [60]
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Triangulation is used in a different form in the CODA 3 Movement 
Monitoring System. This is a commercial system that uses three fan shaped 
beams of invisible light which are swept across the field of view by three 
rotating polygon mirrors. Two of the beams are vertical and are scanned 
horizontally to provide the position of the target in the horizontal plane by 
triangulation while the third beam is horizontal and is scanned vertically to 
provide height information. The targets consist of an assembly of four 
retroreflecting prisms. When a beam intercepts a target, some of the light is 
returned to the system where it is detected and triggers a reading of its
scanning mirror angular position. The sampling rate and real time coordinate 
calculation is done at up to 300 Hz for a maximum of twelve targets. The 
resolution of the system varies with the sampling rate. Whereas the resolution 
is around 0.2 mm in x, y and z for a target at 3 metres, it is reduced to 0.3 in x 
and y and only 0.8 mm in z at a rate of 300 Hz. Accuracy is low, at only 0.2% of
the total field of view. [61] One potential problem with this system is that
measurements made by the three beams are not necessarily synchronized, for 
example, during the time interval between two beam triggers the target may 
have moved. The same problem could also occur during multiple target 
monitoring. Another source o f error comes from the prism target which 
presents a different optical centre position at different angles of incidence due 
to the effect of refraction. This source of error was noticed by Gilby while 
considering such a prism for use with the laser tracking instrument (1982) 
[62].
The most popular commercial instrument for the testing o f robots
kinematics, today, is the Selspine Robot Check System. This is a comprehensive 
system for robot path performance testing. The instrument is based on two 
cameras and a set of infrared light emitting diodes attached to the robot. Each 
camera uses a two axis lateral effect photodetector that measures the position 
of the centroid of light intensity incident upon its active plane surface. The 
camera projects an image of the whole measurement volume on the detector. 
Each camera provides a line of sight to the target and provided that the 
relative position between the two cameras is known the target coordinates can 
be calculated. The measurement resolution is 0.025% of the measuring range, 
accuracy is coarse at 0.75%. [63, 64] The cameras can however be calibrated by 
the manufacturer to increase the accuracy to 0.075% . The system comes with a 
set of software routines which allow the graphical representation of test 
results in a form suitable for robot performance analysis. [65]
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Photogram m etrv
Photogrammetry has found its way into the area of robot performance 
monitoring but not in its traditional form. This is because when used in 
conjunction with photography, the technique involves delays in the 
development and analysis of films. The other limitation is that the technique 
is suitable mainly for static metrology although the use of stroboscopic 
techniques whereby the target is flashed at fixed interval, render feasible its 
application to kinematic measurements.
There have been reports on work being carried out at the National Physical 
Laboratory (NPL) using commercially available photogrammetric equipment,
and special NPL refinements, which have produced measurements with 
accuracies of 1 part in 105  [6 6 ]. Measurements with accuracies of 2 microns in 
a 1 meter cube have also been made possible at NPL with the development by 
Burch and Fomo (1983) of a new lens for the cameras. [67]
The Laboratoire national d'essais in Paris has investigated the possibility of 
using photogrammetry for robot testing but has concluded that the delay in 
processing the data was excessive. The intention was to have a flashing target
that would have impressed a series of points on the photographic plates. [33,
34, 35]
CCD cameras have also been applied to this method the advantage of this 
being the ease with which digital data is obtained. Two systems have been 
documented. In both cases, a single camera is used and is attached to the robot 
end effector. Podoloff (1986) reported on a technique where the camera was 
directed at a reference object consisting of a plate marked with white circles of 
known sizes and locations. [6 8 ] A similar approach though using a different 
reference object has been described by Forrest (1986). [69]
Spherical Coordinate Techniques
The National Bureau of Standards (NBS) in the USA is currently involved in 
the development of a novel instrument that can monitor simultaneously the 
position and two rotations of the robot end effector. This system consists of a
tripod mounted tracking station and an actuated and instrumented target
attached at the robot end effector. A single laser beam, forming one arm of a
plane mirror interferometer, is aimed at a flat mirror, which forms part of the 
target, by means of a dual axis scanning unit. The flat mirror is kept normal to 
the beam by a second dual axis scanning unit. The beam first travels to the 
target where it is detected and then returns to the tracker only to be sent back
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to the target for a second detection stage. It finally returns to the tracker for 
interferometric measurement. The tracker provides spherical coordinate 
measurement of the target while the target provides information about its 
pitch and yaw relative to the beam axis. The tracking loop is controlled 
digitally. The specification for the instrument's precision is expected to be 40
microns for a 3x3x3 m3. [70, 71, 72] Some aspects of the system raise question 
marks. There appears to be no compensation made for the presence of 
tracking errors in the data processing algorithm. Problems may also occur 
during a rotation of the robot tool point around the beam axis since this 
changes the relation between tracking errors and spot deviations on the 
detectors. Another factor to be considered is the weight of the target to be 
attached to the robot which is potentially significant considering the optics, 
detectors and actuators required. Finally, the interferometric measurements
are incremental, hence the loss of tracking will require recalibration of the 
fringe counter.
Chesapeake Laser Systems Inc. propose to use one of their laser tracking 
interferometers ( see the description of this instrument earlier on in the 
Multicentre Radial Techniques section ) for the measurement of spherical 
coordinates [73]. In this case, however, self-calibration is not possible since no 
redundant data is available. For the same reason, beam interruption is 
unacceptable. Tracking errors and assembly errors do not appear to be taken 
into account. The manufacturer quotes an accuracy of +/- 1 micron radially 
but only +/- 1 mm tangentially to the beam direction.
1.3 Earlier Work at Surrey
In 1980, a research program was started at the University of Surrey to
investigate the feasibility of applying a laser tracking technique to the 
measurement of the position of a moving robot end effector. The aim was to 
produce a portable instrument that could measure the position of a target to an 
accuracy of 0.1 mm in a one metre sided cube and moving at speeds of up to 5 
m /s.
The concept was to triangulate the position of an air-path retroreflector,
mounted at the robot tool attachment. Two sub-systems would be used to 
simultaneously track the optical target while a computer would acquire data. 
The data would be processed off-line.
Gilby and Parker developed a single prototype sub-system by 1983 
consisting of an electronic and an optical module. The unit was interfaced to a
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Z-80 based microcomputer which controlled the sub-system functions and the 
gathering of the raw data. The tracking speed of the instrument was tested at 
speeds up to 1.7 m/s still without loss of tracking. However measurement 
precision was poor due to excessive noise in the system and the absence of a 
calibration method for the scanner position transducers. Also, a suitable 
target for 3D tracking had not been found.[62, 74, 75] Hence forward this 
prototype will be referred to as the Mark I system.
1.4 R esearch O utline
The objective of the research is to produce a portable stand alone
instrument capable of measuring the position of the end effector of a
stationary or moving industrial robot. The system should be capable of a
measurement repeatability and accuracy of 0.1 mm at speeds up to 5 m/s in a 1 
m 3 working volume.
The single MarkI laser tracking sub-system developed by Gilby 
demonstrated the ability to acquire information on the line of sight to a
moving target from a fixed observation station. The present study is 
concerned with extending this technique to a complete 3D measuring system 
which uses two up-graded laser tracking sub-systems monitoring a common 
target so as to produce measurement by applying the principle of 
triangulation. This instrument is designated the Markll type and it is covered 
in Section A of this thesis.
The MarkI sub-system suffered from too poor signal to noise ratios on the 
important electrical signals related to the determination of the scanning 
mirror angular positions. This was also the case for the early version of the 
Markll sub-system despite its redesign and reorganization on a Euro-card rack 
system. This had serious degrading effects on the ability to track the target 
and on the measurement repeatability. The Markll sub-system electronics has 
been up-graded to reduce the noise level on the position signals. Another 
problem with the early sub-system was the temperature sensitivity of the 
scanner capacitive transducer. This was cured by the addition of a scanner 
body temperature controller as part of the sub-system electronics. Another 
enhancement to the electronics was the design of a module to control the 
direction of the beam while in the non-tracking mode.
The simultaneous tracking of a single target from two sub-systems demands 
the use of a target with a wide angular aperture. This allows sufficient 
freedom of motion to the robot during testing whilst still providing a suitable
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subtended angle at the target between the two interrogating laser beam to
ensure good triangulation sensitivity. The air path retroreflector target used 
for the development of the MarkI and early Markll sub-system is 
unsatisfactory because of its limited angular aperture. However a new target 
based on the use of two such devices is described which reduces this problem.
The target finally chosen for use with the instrument was a cat's eye or 
lens type retroreflector. This target is more compact, robust and has a more 
precisely defined optical centre point. The concept was first tested with the
fabrication of a "Perspex” unit. Despite problems associated with the precision 
of construction, tracking was possible. The use of polished glass components
and the development of an assembly technique resulted in the making of a 
target with the necessary precision.
One important characteristics o f the instrument is its measurement
accuracy. This is necessary for the purpose of robot calibration as well as
their validation for use in the explicit programming mode. A study is 
presented of the effects of various instrument parameters on the accuracy of 
the measured coordinates. The study covered the scanner angular 
measurement, the tracking error detection and the effects of sub-system 
geometric defects. As part of this study, a geometric model of the optical sub­
system was developed which was used for the processing of the instrument's 
raw data. This model can be tuned to suit design changes as well as possible 
manufacturing errors.
An autocollimation technique based on the use of an electronic theodolite 
was applied to the problem of scanner calibration. The theodolite is interfaced 
to a microcomputer which greatly simplifies the experimental procedure 
through the use of automatic data entry together with the geometric modelling 
and identification of the test set-up. The method provided a complete picture of 
the static wobble and on-axis behaviour of the mirror rotation. Other methods 
are described for the calibration of the photodetector and an important sub­
system geometric parameters.
The problem of finding the relative location of the two laser tracking 
station after the setting-up of the instrument on a new test site was
approached by a simple method which required minimal time and reference
hardware. The method consists of indirectly estimating all unknown site 
variables with a least square method using the measurements of two targets 
separated by a known distance as well as a set of arbitrary target positions. 
The scale reference device is a carbon fibre bar supporting two cat's eye
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targets separated by a calibrated distance. A cat's eye centre detection device 
was produced for the purpose of calibrating this scale reference.
In order for the Markll instrument to be readily used for industrial robot 
testing, a set of automatic test routines have been written. These include the 
measurement of robot static position repeatability and accuracy as well as 
dynamic cornering overshoot and rounding off. The results can be displayed 
graphically and are expressed in the reference frame of the robot for ease of 
interpretation. The instrument uses an IBM-PC compatible Olivetti M28 
microcomputer for both data acquisition and data processing. The machine is 
interface to an HP A4 size plotter for quality hardcopies of the test results.
Section B of this thesis covers the initial stage of development of a new 
Marklll sub-system with the aim of producing a more precise instrument. A 
completely new approach is used for the monitoring and control of the 
scanning mirror position. The detection of the tracking error also uses a 
different photodetector type. Finally, as a result of a study of the sub-system 
beam polarising optics, using Jones Calculus, a new design is proposed.
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2 THE MARKII INSTRUMENT. DEVELOPMENTS AND IMPROVEMENTS
2 . 1  D escription of the Instrument.
The instrument uses the principle of triangulation in order to determine 
the position of a moving target. The system consists of two tripod mounted 
measuring sub-systems, their electronics, a target attached to the moving 
object and a microcomputer. Figure 2.1 illustrates the measurement method.
Optical target
Laser beam
Industrial robot
Sub-system 2Sub-system 1
F ig . 2.1 Diagram o f the laser tracking triangula tion method.
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Each sub-system provides the location of a line in space intersecting the
optical centre of the target. This information is then combined with the 
knowledge of the relative position between the two sub-systems to calculate 
the coordinates of the target which is defined as the middle point on the
common perpendicular between the two defining lines. Figure 2.2 shows a 
photograph of the Markll instrument.
The hardware implementation is based on the use of a laser tracking
technique. Each sub-system operates independently from the other and aims a 
laser beam at the retroreflective target. The retroreflected beam returns to
the sub-system parallel to the outgoing beam but laterally displaced by a 
quantity that is proportional to the distance between the outgoing beam and 
the target centre. This lateral offset is detected optoelectronically and the
error signals are used by a controller to constantly steer the beam as closely as 
possible to the target centre.
The optical hardware of the Markll instrument is based on the MarkI
design by Gilby [75] and is illustrated in Figure 2.3. It consists of a 5 mW He-Ne 
linearly polarised laser head, the output beam of which is turned into a 
circularly polarised beam by a mica quarter wave plate oriented at 45 degrees 
to the beam polarisation plane. The beam is then expanded 10 times by a
Galilean beam expander before being partially transmitted through a 
dielectric beamsplitter. The beam is then steered towards the retroreflective
target by two mirrors which are rotated by two galvanometric scanners with 
their rotations axes orthogonal to each other. One scanner moves the beam
vertically, the other horizontally. The returning beam reenters the optical 
sub-system and is partially reflected towards the quadrant photodetector by
the beamsplitter where its 2D offset vector from the incident beam is
monitored. The transmitted beam passes a second time through the quarter 
wave plate before reaching the laser head to reduce laser feedback.
This optics configuration is used in conjunction with the air path
retroreflector target. However, for use with the new lens-type cat's eye target, 
described in Chapter 3, this design was modified in two ways. Firstly the beam 
expansion was reduced to a ratio of 3. Secondly the quarter wave plate was
moved from before to after the beamsplitter as is explained in more detail in 
Chapter 8  where this alternative design is referred to as the Markll re­
arranged optics. Otherwise, for simplicity the generic name Markll will apply 
to both designs.
Ph.D. 1988 J.R.R. MAYER 24
Chapter 2 The M arkll Instrument, Developments and Improvements
Ph.D. 1988 J.R.R. MAYER 25
F
ig
. 
2.2
 
P
ho
to
gr
ap
h 
of 
the
 
M
ar
kl
l 
la
se
r 
tra
ck
in
g 
sy
st
em
.
sc
an
ne
d
£<45
X5
►42
V-c
PhD- 1988
J. R.R-
MAYER
Chapter 2 The M ark ll Instrument, Developments and Improvements
The control strategy for the sub-system is due to Gilby [75] and is illustrated
in Figure 2.4. The sub-system is at any time either tracking or not tracking
according to the position of switch SI. Tracking can only take place if
tracking is enabled and when the beam is incident upon the target. The
presence of the target is determined on the basis of the total light power
falling on the detector. During tracking the scanners are driven individually 
to null the tracking errors at the detector. The feedback loop is then closed
optically by the target's retro reflective action. In the non-tracking mode the
positions of the scanners are determined by position commands originating 
either from the computer or set by the operator using potentiometers at the 
instrument' s front panel, depending on the position of switch S2.
The controller for the scanner forms a critical part of the overall system 
since the instrument's dynamics depends on it. The scanner controller 
consists of a PID and a state-space controller. The state-space controller
optimizes the response of the scanners for increased bandwidth and reduced
overshoot. The PID controller is necessary to give no steady-state error in the
static mode and was found to give sufficient flexibility to provide good
performance in terms of stable and fast tracking and good target recapture.
Apart from performing the tracking action the electronics of a sub-system 
must also collect data for the purpose of calculating the target position. Both 
the quadrant detector outputs and the scanners position signals are 
simultaneously sampled and then converted to 16 bit numbers. The conversion 
and storage of that data is done by a dedicated digital circuit for speed. The 
sub-system electronics also includes a computer interface card which allows
the direct reading of the data and also the control of all sub-system functions 
via a micro-computer. An overall schematic diagram of the electronics is
shown in Figure 2.5.
The instrument uses a microcomputer for its supervision. The computer
has three main functions. Firstly, it allows the operator to control the sub­
systems either interactively at the terminal or automatically using a computer
program, secondly the computer is necessary to record the data. Finally, the 
computer performs the data processing and presentation of the results. The
microcomputer is an Olivetti M-28, IBM-PC compatible. Two boards are added to 
it for interfacing to the sub-systems.
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The Markll electronics is largely based on the MarkI prototype sub-system 
but it has been partially redesigned in order to improve the ease of its use and 
also the level of measurement accuracy. A new circuit was produced for the 
non-tracking mode control of the beam which provides a choice of dither 
amplitude and patterns as well as a better positioning resolution. For the 
purpose o f improving the measurement accuracy and repeatability two 
modifications were also made to the electronics. First, conventional low noise 
techniques were applied to selected circuits. The other change to the sub­
system electronics was the addition of temperature regulators for the scanner 
bodies in order to reduce the drift of the scanner position signal with 
temperature. The scanners used were already fitted with heating skirts and 
built-in thermistors.
2*2 Non-Tracking Mode Ream Control
The laser tracking instrument operates under either of two modes. One is 
the tracking mode, the other, the non-tracking mode. The non-tracking mode 
provides various facilities which ease the use of the instrument. Its main use 
is to position the beam for its recapture by the target. The sub-system re­
establishes tracking mode when the target intercepts the beam. In order to 
increase the probability of this event to occur the beam is not stationary but is 
made to oscillate in a certain way by over-imposing a slight dither on the 
position signal. The previous design of this board did not have a built-in 
dither facility but allowed over-imposing an external signal on the position 
command signal.
Normally the operator of the instrument, on a test site, would have a fair 
knowledge of the robot path and he could roughly position the beam to cross 
this path. A dither pattern could then be applied. A circular pattern, for 
example, can be produced using a combined motion of the two scanners. The 
dither frequency is fast and will generally produce a change to tracking mode 
whenever the target enters the cone traced by the beams. Alternatively when 
there is no a priori knowledge of the target movement, and no operator to 
manually drive the beam towards the target, then a search routine can be 
initiated by the computer to scan the measurement space. For this purpose the 
board has two 12 bit digital to analog converters. This level of resolution 
allows moving the beam by linear amounts smaller than 1 mm at a position 
four meters away. The previous circuit only had an 8  bit resolution.
Another aspect which was considered during the design is safety. The reset 
features reflect safety requirements by providing an automatic centring of
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the beam at power-up, and at the pressing of a reset button, for the computer 
control position settings. This facility ensures that the position of the laser 
beam is predictable before allowing the laser beam to exit the instrument.
All functions can be operated either manually or under computer 
supervision. Table 2.1 summarizes the various features available.
T a b le  2.1 Summary o f the non-tracking mode features.
Features Computer Mode Manual Mode
positioning resolution 1 2  bit Multiturn pots.
Dither action:
Oscillation mode • I - / X O i - / \ o
Amplitude each scanner: low or high both scan. : low or high
Reset action -at power up -at power up
of computer mode -via internal reset line -reset button
The potentiometers mounted at the front panel and used for positioning the 
beam for the manual mode, offer sufficient resolution to obtain beam 
recapture without any dithering action. Five modes of dithering are available. 
These choices are provided because the dither is normally chosen so that the 
beam oscillation occurs mainly perpendicularly to the target approach 
direction. In practice however, the circular path, which is a general purpose 
mode, was found to be appropriate in most circumstances. Two choices of 
amplitude are provided. The larger amplitude is useful for robots with very 
unpredictable trajectories, although the reliability of the recapture is then 
reduced.
The details of the electronic implementation of the non-tracking mode 
beam control are given in Appendix 1.
2.3 N oise R eduction T echniques
Because the instrument is intended for dynamic as well as static type 
measurements, it is important for the signal to noise ratio of all positions 
signals to be high. The use of data filtering and averaging is to be avoided 
since it leads to a loss of information on the dynamics of the robot under test.
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Early tests on the MarkI system had revealed levels of noise of 11 and 48 
ADC units for the horizontal and vertical scanners respectively. Such values 
can be converted to scanner angle uncertainties of around 15 and 63 seconds 
of arc respectively.
After the completion of the Markll sub-system electronics it became clear 
that the noise problem was still present. The main problem remained the 
corruption of the scanner position signals used in the calculation of the target 
coordinates. Noise problems were also observed on the quadrant detector 
outputs.
An independent assessment of the problem and its possible solutions was 
carried out and a report was produced [76]. The report contains many 
recommendations which were put into practice. The main recommendations 
were to preserve the differential nature of the position signals from the
scanners as long as possible throughout the electronics; to add high frequency 
decoupling capacitors and to reduce, where appropriate, the bandwidth of the 
electronics. Although the report covered only the scanner signals, similar 
techniques were applied to the quadrant detector electronics. The signal to 
noise requirements are lower for the quadrant detector signals, but cumulative
errors can be large due to the off-line calculation used to derive the tracking
errors from the individual quadrant outputs. The current noise levels are 
below 2 ADC units for the scanner signals.
The details of the changes made to the electronic circuitry are described in 
Appendix 2.
I A  Tem perature__Regulation of the Scanner _ Body
The position sensor on the General Scanning Inc. scanner model G325DT is 
sensitive to temperature changes of the scanner body. This is predicted by the
manufacturer. The temperature of the scanner body depends to a large extent
on the ambient temperature but also, to a lesser extent, by the drive action of 
the scanner. The variation of scanner body temperature with scanner 
movement was observed experimentally. Figure 2.6 shows how the 
temperature of the scanner body, as read with the scanner built-in thermistor, 
changed throughout two complete scanning cycles. The test duration was
around one hour and it must be mentioned that this short period would not 
necessarily have allowed the scanner body to reach a steady state condition at 
the various angles of deflection. It shows how the scanner temperature
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increased for large scanning deflections. This effect is attributed to heat 
dissipation in the drive coil.
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The G325DT scanner has a built in heating element and thermistor. The 
manufacturer specifications predict that an improvement by a factor of 1 0  of 
the zero and gain drift with temperature results from the use of temperature 
regulation. The resulting figures are 6  arc seconds per degree centigrade for 
the zero drift and 0.015% for the gain drift. These figures are equivalent to 
beam position uncertainties of 0.25 mm and 0.55 mm (full deflection) at three 
metres away when considering a dual axis scanning system.
For these reasons a prototype temperature controller was built, tested and 
later produced in pairs on a double Euro-card printed circuit board. The 
circuit is an adaptation of the latest circuit used by General Scanning Inc. in
A CW 1st cycle 
n CCW1 st cycle 
O CW 2 nd cycle 
x CCW 2nd cycle
i | r  r  i i | i i i i j i ' i i  i | i i i i | ~i f r i |
5 .0  5 .1  5 .2  5 .3  5 .1  5 .5
Mirror rotation -  radian
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its A660 overall controller card. Details of the circuit and its functions are 
given in Appendix 3.
3.5 . S unu n .anx
The Markll laser tracking instrument uses the principle of triangulation to 
estimate the 3D coordinates of a moving optical target attached to a robot arm. 
The basic constituents of the system are described, in particular, the sub­
system optics, the control strategy and the electronics.
The Markll electronics is based on the MarkI prototype but includes 
changes and additions aimed at improving the measurement precision. Among 
these changes are the use of scanner body temperature regulation and various 
noise reduction techniques, such as the use of differential signals, aimed at 
improving the measurement precision of the mirror angles. Finally a new 
electronic module was necessary to control the beam direction in the non­
tracking mode of operation.
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A major need for the instrument are new targets which allow simultaneous 
tracking with two beams. In this Chapter two different target designs are 
described. The first target is optically compatible with the MarkI sub-system 
optics which used a 8  mm diameter laser beam. The target uses two basic air 
path retroreflectors to produce two virtual such devices oriented at 90 degrees 
to each other. Although this target is no longer used with the present Markll
system, the fact that it is compatible with a large beam system could be used in
some application where a very large measurement volume is required since 
the collimation of a large beam is preserved over long distances.
The disadvantages in the use of air path retroreflectors for multiple beam 
tracking will be discussed here. It will also be shown in Chapter 8  that the 
device has serious degrading effects on the polarisation of the laser beam. 
These have made necessary further investigation into an alternative target 
concept. The idea of using a lens type retroreflector, commonly called a cat's 
eye, originated from a mention of its use by Watson [45], in conjunction with a 
laser tracking interferometer. However, the use of a cat’s eye retroreflector 
can be traced back to 1934 when it was invented by Percy Shaw for the 
purpose of road marking. [77]
The design of a cat's eye retroreflector depends on the application as the 
quality o f fabrication will have a significant effect on the optical 
performance. Also, high precision units are not commercially available. For 
these reasons, the design criteria for a cat's eye suitable for use with the laser 
tracking system were studied together with a method for its fabrication.
Once the design criteria were understood, a prototype acrylic unit was made 
and tested. This was followed by the making of a higher precision glass unit 
using a Zygo interferometer for its assembly.
3.1 Target for 3D Tracking Based on Two Air Path Retroreflectors
The initial Markll system is based on the optics of the MarkI system. This 
optical arrangement uses a laser head producing a beam of radius w = 0.4mm 
which is then expanded 10 times. The resulting beam diameter has the
advantage of being compatible with both the use of an air path retroreflector 
as a target and of a quadrant detector for photodetection of the retroreflected 
beam. The large diameter is partly required by the air path retroreflector to 
render negligible the distortion effects introduced by the presence of 
manufacture joints where the flat mirrors forming the device meet. It also
3 TH E  O PTIC AL TARGET
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offers a near perfect collimation of the beam over long distances. This is 
important to ensure a stable beam diameter at the photodetector.
The main disadvantage of the air path retroreflector is its limited angular 
aperture, which is as small as 40 degrees for the beam size used and for a 1
inch aperture type. For the purpose of triangulation, in which case two laser 
beams must be simultaneously retroreflected at angles near to 90 degrees to 
each other, a single retroreflector is not appropriate. Its use would impose
keeping the two optical sub-systems close to each other in order to keep the
subtended beam angles at the target within its angular aperture. This would 
seriously degrade the precision of the instruments. In addition it would leave 
little freedom of rotation to the robot under test.
For these reasons a new target was designed.
3 .1 .1  Target Requirem ents and Design
To be useful for the laser tracking system, the optical target must fulfil 
three main requirements:
1. All rays must be reflected in parallel to the incident ones and laterally 
displaced diametrically around a fixed centre point.
2. The position of the target centre point must be the same 
independently of the viewing angle
3. All optical sub-systems must track a common centre point.
A quick solution that soon comes to mind to the problem of limited angular
aperture is to use one air path retroreflector for each laser tracking sub­
system. This idea was proposed by Gilby [75]. The problem then becomes that 
of having different centre points for each sub-systems since it is not possible 
to physically bring into coincidence the apexes of both retroreflectors. The 
basic solution to this problem was initiated by Gilby [78] who pointed out the 
fact that the optical properties of the virtual image of a retroreflector are 
similar to those of the real object.
Virtual air path retroreflectors form the basis of the new target. Figure 3.1
shows a drawing of the target. Two circular plane mirrors are used to create
virtual images of the retroreflectors. For optimum triangulation sensitivity, 
the two images have their aperture axes oriented at 90 degrees to each other.
Notice that the two image apices are coincident.
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F ig . 3.1 Creation o f a v irtua l optical target having two orthogonal axes o f 
a ir  path re troreflection.
Theoretically only one of the two retro reflectors need be imaged. The 
other one could be used directly. However such a configuration would lead to 
problems of calibration. This is due to the fact that in this case the 
coincidence of the two apices would have to be verified by a complete two 
beam system. The problem here is that a complete two beam system cannot be 
calibrated without having a priori knowledge of the target itself.
A solution to the problem of calibration was proposed by Burch [79]. If the 
position of an image apex is made to coincide with a centre of mechanical 
rotation, a rotation of the target around this point will not produce any 
detectable movement of the image apex. Any eccentricity can be estimated by 
simply rotating the target around this point while monitoring the apex 
movement using a single tracker. Furthermore if both virtual apices are 
calibrated with respect to the same rotation centre then coincidence can be 
obtained.
The centre of mechanical rotation was implemented using a ball joint made 
of a precision steel ball used in conjunction with a conical seat machined in 
the target Duralumin (aluminium alloy) main body. Figure 3.2 shows the 
prototype target and its associated rod mounted precision ball used solely at the 
calibration stage. When calibrating the target, the position of the image 
apices are controlled by moving the real air path retroreflectors which are 
mounted for this purpose on x-y-z miniature precision micropositioners 
capable of 1 pm resolution over travels of 5 mm on all three axes.
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&
Tig. 3.2 Prototype of a dual air-path retroreflector target 
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The flat mirrors are bound to the Duralumin main body using an acrylic
toughened adhesive, Permabond F246, recommended by Permabond Adhesives 
Ltd. for its good adhesion to both glass and aluminium. The aluminium was 
etched to enhance the joint strength. The chrome steel was welded onto a rod 
made of stainless steel to produce a secure joint.
3 .1 .2  Lim itations of the Dual Air-Path Retroreflector Target
The new target suffers a number of limitations. The basic air path
retroreflector has a depolarizing effect on the polarised beam. This effect 
varies with the sequence of reflections followed by a ray through the device.
This subject will be discussed in more depth in Chapter 8 . It can be said at this
point however that as a result of this effect the gaussian intensity distribution
of the returning beam is degraded. This has a disastrous effect on the response
of the photodetector and reduces the precision with which the tracking errors 
can be measured.
The target weighs 2 kg and its external dimensions are 8.5x6.25x6.25 in,
although some reduction in weight and size could be achieved through using
oval mirrors instead of round ones and by further removing material from the
main Duralumin body.
The angular movement of the robot end effector remains limited by the
angular aperture of the retroreflectors. Furthermore the maximum angular 
movement range is only obtained for two sub-systems located with their
prismatic measurement space at 90 degrees to each other
The current design is liable to being moved out of adjustment following 
shocks and mishandling. This is partly due to the weakness of the air path
retroreflector case. In addition, little is known about the stability of the
mirror assembly relative to the mount.
The target has several surface coated mirrors which can be scratched and
also accumulate dirt. The retroreflector itself is a particular problem since its 
surfaces are hardly accessible for cleaning purposes.
31 _____ Theoretical Analysis for the Design of a Cat's Eve Target
3 .2 .1  Design Theory
The lens type retroreflector represents an attractive solution as a target for
the laser tracking instrument, mainly because of its large angular aperture of
nearly 180 degrees. This property is obtained by the use of a monocentric
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optical system. Figure 3.3 shows a cross-section of such a device. It consists of 
an input spherical refractive surface that has its focal sphere coincident with 
a reflective spherical surface. A single refractive material is used throughout 
for ease of fabrication.
Havens and Peed studied the theory of monocentric systems made of one or 
two materials having different refractive indices [80]. In order to evaluate the
characteristics of the system in the context of the laser tracking instrument, a
similar study was conducted for the present case. The main results are
equations for the divergence angle \j/ of a retroreflected ray as well as for the 
amount of lateral shift on exit. These two effects constitute departures from 
pure retroreflection.
Snell's law of refraction, and principles of trigonometry and symmetry are 
applied to derive these equations in conjunctions with Figure 3.3
F ig . 3.3 Diagram fo r  the calculation o f the exact path o f a ray through a
cat's eye.
Using Snell's law at the input surface gives 
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n “ sin  r
An equation is also obtained by summing all angles around the lens centre
360 = <J)j+(l 80-(J)i)+o+(l 80-<|)i+G)+(p 3.2
0 = 2cy-chi+cp 3.3
Also taking the sum of the internal angles of triangle a-b-c gives
1 8 0  =  <}>r+(l 80-cj)i+(y)+% 3 . 4
On exit, arguments of symmetry give
<|>i = (fH-y 3.5
One more relation can be written using the fact that side h is common to both 
triangles
h = r sin <J>r = R sin % 3.6
The divergence angle can be deduced from equations 3.1 to 3.6, as,
3.7
Chapter 3 The Optical Target
J. . i /s in  <j>A . i /r s in  <MY V = 2 [ * i - S,n q - j — j - s i n  1 [  R n J_
In order to obtain the property of retroreflection the amount of divergence 
in the retroreflected ray must be kept to a minimum. Only two parameters can 
be varied to affect the property of the system. They are the ratio between the 
two hemisphere radii and their absolute values. Equation 3.8 is a small angle 
approximation of equation 3.7. It is used to derive the optimum radius ratio.
inr) 3-8
By setting xy to 0, the following relation is derived
“ -= n ~ l 3.9
Figure 3.4a and 3.4b shows how y  varies with sin <j>i for the optimum radius 
ratio. Sin <bi can be thought of as a normalized off-axis offset equal to the ratio 
of the incident offset to the input lens radius r
sin (J>i ss—1 3.10
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As can be seen, significant divergence takes place even at small values of 
sin <j>i.
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F ig . 3 .4 a ) Divergence angle \g as a function o f the normalized lateral offset 
e j r .
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Normalised oFF-axis distances oF input rays
F ig . 3 .4 b ) Divergence angle \g as a function o f the normalized la tera l offset 
epr fo r  small values o f e jr .
The other dimension of interest is the difference between e 0  and ej. The 
exit offset e0  is given as
eQ = r sin <p 
= r sin (<j>i-\|/)
3.11
3.12
The difference between e0  and ej is less than the product of r by \j/. T his
effect is small compared with the lateral shift that the output ray will have 
undergone before reaching the sub-system photodetector due to \|/ and the
much larger lever involved.
A verification of these results can be found using an analysis based on a
2x2 matrix method for paraxial rays [81]. According to this method, the effect
of a succession of centred spherical surfaces, either refracting or reflecting,
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on an input paraxial ray is represented by a 2x2 matrix. A ray is represented 
by a two element column vector. One element is the ray off-axis distance y, 
and the other its optical direction cosine V, which is the product of the 
refractive index n multiplied by the ray angle v relative to the optical axis.
Figure 3.5 illustrates the use of this method with the cat’s eye.
F ig . 3.5 Ray tra n s fe r m a tr ix  ana lys is  a pp lie d  to the lens type 
re tro re f le c to r
For a reference plane located at the centre of the lens, we can write the 
following ray transformation. First, the ray vector is referred back to the 
input surface
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V0
1 - r
0 1 J
yot
v 0t
then the ray can be refracted 
1 0 
1
yi
Vi -(n-l)r
yo
Vo
followed by a translation through the lens
y2
v 2
(r+R>
n1
0 1
yi
Vi
a reflection then takes place at the large spherical surface 
1 0y3
V 3 - 2 nR
yi
v 2
the ray is finally returned to the small spherical surface
y4
v4
ir±Rl
n
1
y3
v3
the exit refraction is expressed as 
1 0yf
vf
y4
v4
and finally the retroreflected ray can be expressed relative 
reference plane as
yft 1 -r yf
Vft J L o l J I Vf
The sequence of transformation just described can be 
following equation
yft
Vft
-1 o
-2(r+ R (l-n ))
nrR -1
yot
v 0t
3.13
3.14
3.15
3.16
3.17
3.18
to the lens centre
3.19
replaced by the
3.20
The Optical Target
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The lens system will have the required property of retroreflection when
this matrix is a negative identity one. This is achieved when equation 3.9 is 
fulfilled, confirming the earlier result.
Another important design choice is the determination o f the absolute size 
of the cat's eye.
Quite simply, the choice of r depends on the required linear aperture since
it is limited by the effect of spherical aberration.
In the context of the laser tracking instrument, a possible design criteria is 
that the detector outputs can be used to unambiguously determine the incident 
beam off-axis or lateral distance to the cat's eye centre.
As was shown earlier, the effect of divergence angle xj/ on the 
retroreflected beam produces a movement of the light at the detector which 
opposes the ideal retroreflection effect.
The criteria is fulfilled when the rate of increase of the divergence effect
with the tracking error is less than the ideal retroreflection effect. In
mathematical terms,
T L < T  3.21dej L
where L is the distance traveled by the beam from the cat's eye to the 
photodetector. The left hand side of equation 3.21 is obtained from equation 3.7 
and 3.10
a L = 2 ( ___ I  1 (n - 1 ) !
^ei |^ (r2-e}2) *\/n2r2-ej2 '\/n2r2-(n -1) 2e i2 ^
3.22
Figure 3.6 shows curves of equation 3.22 as a function of r and for set 
values of ep
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F ig . 3.6 Derivative o f the divergence angle yr as a function o f the cat's eye 
input lens radius r  and fo r  set values o f
The design condition is shown for target off distances L of 2,3,4 and 5
metres.
The value of ej can be chosen as
ej = kw+l g. i 3.23
where w is the beam l/e 2  intensity radius and k is a factor that controls how
much of the beam energy is at least expected to respect the design criteria. For
example, a k of 1.5 will involve 99% of the beam energy. I g. I is the magnitude 
of the tracking error.
3 .2 .2  Effect of Im perfections of M anufacture
The good performance of a cat's eye retroreflector depends on the 
precision and quality of its fabrication. Five types of fabrication defects have
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been identified as playing an important role. They are: the characteristics of
the refractive material; the sphericity of the surfaces; the match of radius 
ratio; the monocentricity of the two hemispheres and finally the reflection 
coating.
The refractive material must have a high homogeneity with regards to its 
refractive index. Its transmittance should be high for good efficiency.
The sphericity of both spherical surfaces in terms of average shape and 
surface roughness will affect the cat's eye performance. The surface quality 
is especially critical for the large reflecting hemisphere since the light beam 
is focused to a narrow spot at its surface. A small defect can then wrongly 
deflect a significant portion of the beam. The input small hemisphere surface 
has high requirements of shape to ensure that no beam distortion occurs by 
refraction effects in and out of the lens.
A mismatch of radius ratio would result in the cat's eye no longer behaving 
as an afocal system. Some power would be introduced and therefore the beam 
would be refocused.
The concentricity of the two hemispheres ensures that the optical 
properties are preserved for all angles at which the cat's eye is observed 
within its effective angular aperture. This is also required for the good 
retroreflection of the beam. The uniformity of behaviour for all input angles 
is vital since it is not possible to know the orientation of the cat's eye when 
measurements of its position only are made. Furthermore the calculation of 
the amount of linear tracking error uses a particular response function for 
the detector and the cat's eye at a nominal incidence angle normally on its axis 
of revolution symmetry.
Finally, the quality of the reflection coating applied to the external surface 
of the larger hemisphere has a high requirement of continuity. As previously 
stated the beam is narrowly focused at this point. A pinhole in the coating 
allows a considerable fraction of the light to escape reflection with a resulting 
degradation of the beam intensity distribution on exit. The reflectivity of the 
uncoated surface is a mere 4% in the case of a glass unit.
3 J  A Perspex Cat's Eve Prototype
The idea of a cat's eye target was first tested using an acrylic unit. The 
attractiveness of an acrylic unit was its relative ease of manufacture. The lens 
system could be diamond machined from a single block of material. However,
PhD. 1988 J.R.R. MAYER 49
Chapter 3 The Optical Target
the precision of form, especially with a plastic such as acrylic, cannot be 
obtained to the same level as by polishing techniques used with glass [82],
The main advantage of a machining process is the elimination of any 
assembly operation and the added possibility of incorporating attachment 
features into the design itself.
Figure 3.7 shows a schematic diagram of the acrylic cat's eye.
F ig . 3.7 Draw ing o f a prototype acrylic cat's eye.
The material commercial name is 'Perspex' and its descriptive name is
polymethylmethacrylate. The material used was made by ICL pic [83], Its
transmittance is around 90% at a wavelength of 633 nm. A precise value for
the refractive index np of 1.48835 at the same wavelength was read from 
graphs provided by the manufacturer. This value o f np is valid at a 
temperature of 18°C. The chosen value for r, the input hemisphere radius, was 
based on the use of a 4 mm beam radius, a tracking error of less than 1 mm and 
a value for k of 1, as defined in equation 3.23. For a cat's eye at 3 metres away, 
a value of 30 mm for r is required. Although this value becomes too small at a 
greater distance L away from the sub-system, r was kept small to avoid adding
excessive weight to the device.
Mounting
ring
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The reflection coating is silicon oxide protected aluminium. The problem of 
an excessive number of pinholes called for multiple coats of aluminium to be 
applied. However many pinholes remained.
The prototype Perspex cat's eye was tested with the Markll sub-systems 
with the lOx beam expansion. Severe distortions of the retrorefleeted beam 
were immediately apparent to the naked eye. The amount and type of 
distortion varied with the orientation of the cat's eye. Despite these unwanted
effects, tracking could be maintained with both sub-systems, except at some
angles where distortion effects were excessive.
Based on these results, it was decided that a device of higher quality was
required. This led to the making of a glass cat's eye retroreflector.
2sA A ....g lass Cat's Eye
3 .4 .1  Design and M anufacture
By using a polishing process, an experienced lens maker can produce
spherical glass work of very high quality and precision. The glass cat's eye 
uses such components. It is not possible to make a complete cat's eye by 
polishing a single piece of glass, while obtaining a wide aperture. This is
because a complete hemisphere can only be polished if the polishing tool is 
allowed to go beyond the hemisphere surface. This could only be achieved for 
the large hemisphere but not for the small one because of the presence of the 
flat surface. Two separate hemispheres are made and then assembled to 
achieve a monocentric system. The most difficult part of the fabrication 
process is the assembly stage. The method used to perform this operation
consists of an interferometric technique which will be described in this
Chapter.
The glass cat’s eye is only half the size of the plastic prototype, with r equal
to 15.011 mm. This limit was imposed by the lens maker. However, from a
practical point of view also, a glass cat’s eye with r equal to 30 mm would weigh 
1181 gr against only 148 gr for one half its size. This could be an excessive load 
for some industrial robots and would in any case limit the range of application 
of the instrument.
The reduced size target is not compatible with a large 8  mm diameter beam. 
A considerable amount of energy would have a strong divergence angle y ,  
which could confuse the tracking and also the data processing of the detector
outputs. In order to accommodate the reduction in linear aperture at the
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target, the beam expander of the Markll was changed from a lOx down to a 3x.
Appropriate reductions were made in the tracking loop gain to compensate for
the increased gain at the detector caused by the use of a smaller spot size.
When producing a monocentric unit using a glueing process, it is 
necessary for the sum of the thicknesses of both hemispheres to be less than 
the sum of their radii to allow, at least, for the thickness of the adhesive layer.
In practice, it is not easy to control the thickness of the lens at fabrication
time or the thickness of the adhesive layer at glueing time. A larger then 
necessary gap is designed to allow for these two factors and the lenses are 
measured to assess their precise thicknesses before assembly. The gap width is 
controlled at glueing time by the use of spacers made of glass fibre, copper 
wire or thin aluminium foil. This technique is illustrated in Figure 3.8.
F ig . 3.8 Drawing o f a glass cat's eye
3 .4 .2  Testing of the Glass Hemisphere
Before their assembly, the first pair of glass hemispheres made were tested
for sphericity, radius of curvature and thickness. These three parameters are
of the utmost importance to ensure the good performance of the target.
An uncoated hemisphere can be tested for these quantities using a set-up 
made of a Zygo interferometer and a precision slide fitted with a linear
interferometer. This procedure was suggested by Burch [79].
The Zygo interferometer is fitted with a F/0.7 reference lens which
produces a strongly converging wavefront of coherent light at a wavelength 
of 632.8 nm. During testing, the hemisphere is mounted with its pole facing
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the Zygo. The linear displacement of the hemisphere towards and away from 
the Zygo are monitored using the linear displacement interferometer. In all, 
the lens will be moved at three different positions as illustrated in Figure 3.9a 
b and c.
/ \
Zygo
interferometer
/  ♦/ ♦
1
\  j\  * i V  /
Is
.-
v  J Dl Linear--------_ interferometer
F ig . 3 .9a ) Hemisphere testing on a Zygo interferometer: Sphericity fringes.
F ig . 3 .9 b ) Hemisphere testing on a Zygo interferometer: Cat's eye reflection  
at the pole.
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F ig . 3 .9 c ) Hemisphere testing on a Zygo interferometer: Cat's eye reflection  
on the fla t.
Figure 3.9a shows the position of the lens for assessing its sphericity. The 
lens is inspected over a cone of approximately 71°. The lens is slid until the 
incident wavefront matches the spherical surface of the lens. The 4%
reflected energy at the interface reenters the Zygo and interfere with the 
reference wavefront. Notice that the transmitted wavefront has its virtual 
focus at the geometric centre of the hemisphere. If the lens thickness is 
exactly equal to its radius then the virtual focus lies on the flat. Under these 
circumstances the wavefront reflected from the flat may also produce 
interference effects. The two sources of interference can be distinguished 
from each other by the fact that the light reflected at the flat emerges from
the lens on the diametrically opposed side. The method involves hiding half
the aperture in front of the hemisphere. The interference fringes due to a
reflection at the flat will then be completely eliminated whereas the fringes 
due to light reflected at the spherical surface only half vanish.
The fringe pattern arising from reflection at the sphere will in general be 
a combination of circular, straight and distorted fringes. The circular fringes 
are likely to be the result of a focus error due to the lens being too far or too 
close to the Zygo whereas straight fringes will come from a lateral 
misalignment of the lens. Some distortion of the fringes may also be present 
due to of a lack of sphericity of the lens. The measurement of Dj is made after
both the straight and circular fringes have been spread out by adjusting the 
lens position.
The lens radius of curvature can be made by measuring the movement of 
the lens from this position until cat's eye fringes are obtained from the lens 
pole. This corresponds to Figure 3.9b. Circular fringes should then be 
observable when the so called cat's eye reflection is produced. In this position
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the wavefront is focused at the pole. The radius of curvature is directly given 
as
r = IDr D2l 3.24
The final test position, represented in Figure 3.9c, is used to assess the lens 
thickness, which is the distance from the pole to the flat. The method consists 
of producing a cat's eye reflection at the flat surface through the lens. When 
the circular fringes have been spread out, D3  is read. As will be explained
later in this section, the lens thickness t is given by
, -'Pt-Psl ,r
n 3.25
In the following part of this section, mathematical analyses are made to 
support the techniques just described and also to assess the sensitivity of 
measurement that can be expected on D2  and D3 .
The analysis uses the ABCD rule [81] which requires the determination of 
the optical ray transfer matrix. According to this method, an input wavefront 
with a radius of curvature p j , is changed by the centred optical system to p2
according to
p jA + B  
P 2  = PlC+D
where A,B,C, D are the terms of the system's ray transfer matrix JT,
3.26
n=
A B 
L C D 3.27
For the measurement of D j, the lens is positioned along the optical axis 
according to circular focus fringes while its lateral centring at that position is 
controlled via straight fringes. The circular focus fringe effect can be 
analysed using the ABCD rule. A ray transfer matrix can be calculated and 
referred to the hemisphere geometric centre by pre- and post-multiplying the 
basic matrix for a reflection at the convex spherical surface
-1 0 
2- .1L r
3.28
The ABCD rule then yields
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Pb = Pa 3.30
The virtual wavefronts pa and are illustrated in Figure 3.10.
Near the correct focus, equation 3.29 can be approximated to
F ig . 3 .10 Illu s tra tio n  o f the v irtu a l beam focus fo r  a coherent wavefront 
reflection at a convex surface.
In the Zygo the returning wavefront will interfere with the reference
wavefront which is identical to the incident wavefront. The interference of
two spherical wavefronts is dependent on the path length difference traveled 
by the two wavefronts. This is illustrated in Figure 3.11, where two wavefront
1 and 2 , originating at points Cj and C2  are made to interfere on an imaginary
screen that matches wavefront 1 .
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F ig . 3.11 Path difference between two in terfe ring  spherica l wavefronts.
For a half aperture angle <j> the number of fringes n.f. produced across half 
the field can be calculated as follows
For a Zygo lens of F/0.75 and supposing that an operator can detect a 
quarter of a fringe on the fringe pattern, equations 3.30, 3.32 and 3.33 predict 
a measurement sensitivity on Dj is 0.5 pm.
The measurement of D 2  is made using a cat's eye reflection off the 
hemisphere's pole. The ray transfer matrix Ji,p is
n.f. =
(Wr W i)-(P2- P l)
3.31X
and for A p « p i and A p « p 2  we can approximate n.f. to
n.f. = 3.32
where <j> is related to the Zygo lens aperture F/x by
(j> = arctan — 3.33
1 0
n P= 2 j 3.34
r
The ABCD rule gives
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and for r » p c then equation 3.35 can be approximated to 
Pd ~ Pc
Figure 3.12 shows the significance of r, pc and p<j.
3.36
F ig . 3.12 Incident and reflected spherical wavefronts fo r  a near cat's eye
reflection o ff a refractive spherical surface.
It follows that the sensitivity is similar to the previous case at 0.5 pm.
Finally, for the purpose of measuring the lens thickness, a cat's eye
reflection is sought from the hemisphere's flat in transmission through the
lens. The relationship between the observed gap and real gap, that is the
optically measured and real gap size, is derived using basic paraxial ray optics
principles. Figure 3.13 illustrates the method. It shows a ray entering the
plano-convex lens in such a way that it crosses the optical axis at the flat. The
ray belongs to a spherical wavefront focused at the flat with its virtual non­
refracted focus at point p.
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F ig . 3.13 Application o f pa rax ia l optics princip les to the measurement o f an 
hem ispherica l lens thickness.
Recalling that paraxial rays are those which are nearly parallel and close 
to the optical axis of a centred optical system so that the cosines are nearly 
unity and the sines nearly equal to the angle itself, it can be said that
vi .3L
v2 =
3.37
3.38
and using Snell's law for paraxial rays 
1 -n
nv 2  = — y+vj
Equations 3.37 to 3.39 are solved for the real gap 
real gap = r-t 
and as a function of the observed gap, A 
A = D^-Dg
the real gap can be expressed as 
rA
3.39
3.40
3.41
real Sap = r+(n-l)(r-A) 3.42
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Finally for A « r  the real gap can be approximated to
real gap = ~  3.43n
The first pair of hemispheres produced were tested in line with the 
procedure described. Their sphericity was found to be one tenth of a 
wavelength over the F/0.75 aperture of the Zygo test lens. The radii were for 
r, 15.016 mm and for R, 29.150 mm, instead of 15.011 mm and 29.142 mm 
respectively according to the design values. The radii errors are then 
respectively 5 pm and 8  pm. Fortunately, these errors are close enough to the 
design radius ratio for the optical properties of the final cat's eye not to be 
affected. The real lens thicknesses were found to be on the thin side by 94 pm 
and 35 pm respectively for the small and large hemispheres, for a total gap of 
129 pm. This is much more than the expected 15 pm and was due to a gross 
error during manufacture.
3 .4 .3  Assembly of the Cat's Eye on a Zygo Interferometer
The optical properties of the cat's eye depends on its monocentricity. A 
method for monitoring the monocentricity during assembly was proposed by 
Burch [79]. The method and its supportive mathematical analysis, based on a 
mathematical development by Burch, are presented in this section.
This method consists of obtaining self-fringe effects from the cat's eye 
whilst it is under centring operation. This takes place while the adhesive 
between the two hemispheres is still viscous. A wavefront of coherent laser 
light is used to interrogate the cat's eye on axis. The experimental set-up is 
illustrated in Figure 3.14.
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F ig . 3.14 Experimental set-up fo r  the monocentring o f a cat's eye using a 
Zygo in terfom eter
The cat's eye reflects two wavefronts, one at each air-glass interface. The 
reflected wavefronts and their interference with each other can be studied in 
terms of assembly eccentricity errors. The study of an on-axis eccentricity is 
well suited for an analysis based on the use of the ABCD rule. The study of a 
lateral eccentricity will be studied using an approximate method based on a 
ray tracing method.
Figure 3.15 illustrates some of the variables which will be used in the 
development to follow.
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F ig . 3.15 Schematic diagram o f an eccentric cat's eye fo r  study using the 
ABCD rule .
For the reference plane shown in Figure 3.15 the ray transfer matrix for a 
refraction at the small surface is
Mi =
- ( n - l )
3.44
For a reflection off the same surface, n is equal to -1 and the matrix is instead 
-1 0
n  v = - -i L r
3.45
Also necessary is the ray transfer matrix for a reflection at the reflecting 
surface R, which is
n 2 =
- l
- 2 n
R
0
-1 3.46
Finally, for a refraction on exit at the small surface 
n 3 =
We now have all the basic matrices required to express the ray transfer
matrix for the wavefront , here represented by the letter y, that goes through
a complete retroreflection
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( n - l )  1
r n
3.47
n  y = n 3  T(g,n) n 2 T(g,n) n j
A y  B y  
- Cy Dy _
3.48
3.49
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w here
a -2gr-rR+2nRg-2rg-2g2 +2g2n 
A y “ rR 3.50a
B -2nRg-2ng2y ~ r
-2rR -2gR +4nR g-4rg-2g2 + 4 g 2 n+2nrR-n2 gR +4rgn-2n2 g 2 -n 2 R g-2r2
3.50b
Cv =
D„ =■
nr2R
-2nRg-2ng2 +2n 2 R g+2n 2 g 2 -2nrg-nrR
nrR
3.50c
3.50d
By substituting the radius ratio as given by equation 3.9, matrix n v becomes
n y =
-14r 2 -2nS(1+R>
M l
-  nR 2  R*1 R 2
3.51
Let us assume that the cat's eye being assembled is illuminated with a 
coherent converging spherical wavefront of radius of curvature p z at 
reference plane RPj. The ABCD rule can then be used with matrices H x and n y 
to derive the radii of curvature for the two reflected wavefronts px and py 
used for the self fringes.
Pzr
p* - ( r - 2 pz)
Py
('1+f r ) z - 2ng(i+R
3.52
3.53
The wavefront radius difference px -p y can be used in equation 3.32 to
calculate the number of circular fringes produced. From inspection of
equation 3.52 and 3.53 it appears that p z and g both affect the number of
fringes. Both cases will now be analysed.
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For the case where no eccentricity g exists but a focus error pz is present, 
we have for pz« R
2 pz 2
Px-Py = “ 7 -  3.54
If we consider using a lens F/3.3, X of 632.8 nm and r of 15 mm, the number 
of fringes from the pattern centre to the border can be plotted against pz as in
Figure 3.16.
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Pz or Focus slide ( m m )
F ig . 3.16 The effect o f a focus e rro r p z on the number o f  c ircu la r
in terfe rence  se lf-fr inges
If it is assumed that p z is zero, then for g « R , the returned wavefront 
difference becomes
P x - P y  =  "2 n S  3 *5 5
The number of fringes can be plotted against g as in Figure 3.17. The 
sensitivity on g is as good as +/- 5 pm for 1/4 fringe and using an F/3.3 on the 
Zygo.
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F ig . 3 .17 The effect o f an on-axis eccentricity g on the number o f c ircu la r 
in terfe rence se lf-fr inges .
Important conclusions can be drawn about the assembly process. A wrong 
focus adjustment will lead to an eccentric assembly since the on-axis
eccentricity will then be used to compensate for the focus error. However
because the fringes produced by the focus error have a quadratic nature, they
can be distinguished by experimentation with the focus control and eliminated 
prior to final centring. This identification is also helped by the fact that for 
small values of pz and g as compared to r and R, their effects on the circular
fringes are well decoupled.
With regard to the effect of lateral eccentricity, e, on the fringe pattern, an
approximate evaluation can be made that assumes a small eccentricity and
near on-axis rays. It is based on simple ray tracing through the device. This 
shows that the apparent .relative shift between the apparent origin of the two
returning wavefronts is 2en, where e is the lateral eccentricity. For two
laterally shifted wavefronts, the number of fringes, for half the pattern
width, is approximately equal to
2 en x sin <i>n.f. = -------- ^--------*- 3.56
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These calculations gave sufficient confidence in the method for a first unit 
to be assembled. The process took place at the National Physical Laboratory. 
Barely measurable levels of residual fringes were obtained, giving high
confidence in the precision of monocentricity of the cat's eye made.
3 .4 .4  Cat’s Eye Versus Air Path Retroreflector
The cat's eye retroreflector and its counterpart the air path retroreflector
will be compared in this section in the context of the laser tracking 
instrum ent.
In terms of optical properties the most noticeable differences between the
two types of retroreflectors are their respective aperture size characteristics. 
This is illustrated in Figure 3.18.
I t  follows that a sensitivity o f 0.2 pm can be expected.
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F ig . 3.18 Comparison o f effective op tica l apertures between the cat's eye 
target and the a ir  path retroreflector.
The linear aperture of the cat's eye is limited by the effect of spherical 
aberration and is much smaller than that of the air path device where it is 
only limited by the size of the mirrors used. The air path device that was used 
to develop the instrument had a 1 inch linear aperture and a retroreflection 
precision of 2 seconds of arc whereas the cat’s eye linear aperture is only 1.05 
mm for the same retroreflection precision.
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The respective angular aperture of the cat's eye and air path targets are 
157 deg. and 40 deg. These values are obtained for the respective beam sizes 
used in conjunction with each type. As a result in the context of triangulation
measurements where the two beams are nominally at 90 degrees to each other 
a single cat’s eye can be interrogated by both beams while this is not possible 
with the air path retroreflector. Although a dual air path retroreflector as is 
described at the beginning of this Chapter offers a partial solution to the 
limitation in angular aperture of the target, it results in a bulky design and 
not sufficiently robust device for mounting at a robot end effector.
A disadvantage in having a small linear aperture is the reduced beam 
diameter that it imposes. A small laser beam diameter results in a reduced 
collimation, which means that the diameter of the beam will vary appreciably 
as it travels. As a result, the laser spot at the photodetector will vary in size 
with the distance of the target from the optical sub-system. If a quadrant 
detector is used, its response gain will also vary. This effect can be calibrated 
and compensated for in the data processing software. However, a reduction of 
sensitivity to spot size is produced by using a lateral effect photodetector 
instead of the quadrant detector. This type of detector is only sensitive to the 
position of the spot intensity centroid. The Markll sub-system uses a quadrant 
detector and software compensation is envisaged. However the Marklll sub­
system which is at the prototype stage includes a lateral effect photodetector.
The cat’s eye, unlike the air path device, does not have joints that can 
distort the beam. However the presence of pinholes in the cat's eye reflection 
coating can cause beam degradation. As stated in the section on the effect of 
imperfections of manufacture, extra precautions are taken to reduce this 
effect to an acceptable level.
The weight of the cat's eye and its mount is 634 gr compared to 2 kg for the 
dual retroreflector target. Therefore a reduction by a factor of three results 
from the use of a cat's eye. This property is important for the testing of robots 
and could affect the applicability of the technique to other measurement 
problem s.
Robustness and maintenance of the target are also taken into consideration 
since the instrument will be used in a workshop environment. Once assembled 
the cat's eye centring is not expected to drift and the adhesive has no known 
long term degradation problems. The most sensitive part of the device is its 
exposed small hemisphere. Being made of glass it can be scratched. However 
cleaning presents no difficulty. Soapy water can be used as well as isopropyl
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alcohol if necessary. It must be said that the effect of the alcohol on the
adhesive is not known and it is advisable to avoid wetting the joint with it. On
the other hand the air path retroreflectors are difficult to clean because of 
accessibility problems and also, unlike with the cat's eye, the aluminium 
evaporated coating, which can be scratched, has its active side open to the
ambient air. The dual air path retroreflector assembly was found to be 
sensitive to shocks due to the use of xyz stages to adjust the coincidence of the 
two virtual apexes.
Finally with regard to cost, both type of target can be made for around 
£ 1 0 0 0  a unit.
The conclusion is that the cat's eye target is an overall better target in the 
context of robot performance measurement.
2J! Change to the M arkll for Use with the Cat’s Eve
3 .5 .1  Beam Expansion
The reduced linear aperture of the cat's eye necessitates a corresponding
reduction of the diameter of the laser beam at the target in order to avoid
excessive amounts of divergence in the retroreflected beam. In so doing it 
must be kept in mind that with a Gaussian laser beam a reduction in beam
diameter results in an increase in beam divergence [81]. A strong divergence 
will result in spot size variation at the detector with the associated change of 
detector response in the case of a quadrant detector photocell. Another factor
to consider is the range over which the target moves. A range of 1 m to 5 m is
adequate for providing good precision with small working volume while still 
allowing the measurement of a very large test space .
The achievement of the required beam characteristics depends mainly on 
the choice of beam expansion ratio and on the focus distance. In order to assist 
in this process of selection, the beam expander optics has been analysed using 
paraxial ray matrix methods. Figure 3.19 shows the model that was studied.
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F ig . 3.19 Beam expander analysis using a paraxia l ray m atrix method.
It can be shown that for an input beam having its neck at RPi the position 
of the output beam waist can be expressed as
- T i 2 T 2 f 2 2 + T 1 f 1 2 f 2 2 - T 2 f 2 Z 0 1 2  -
3  - Z o i 2 T 2 2  - T i 2 2  + 2 T iT 2 f l 2  - f l 4
where f i and f2  are the input and output lens focal length and Zqi is the 
input confocal beam parameter which is defined as
„  7CW012
Z0i =‘- X LL“ 3.58
with woi representing the beam neck radius. Zoi defines the half length of 
the near field region within which the beam radius does not exceed V 2  woi. 
The best way to have the smallest beam radius between two points is to fit a 
near field region between the two points. It was verified using the usual first 
derivative method that in this case a minima exists for the beam diameter w at 
z=Zq.
The output beam confocal beam parameter is calculated as follow 
Z 0 l f l 2 f2 2 ----------------------------x i—t— *  3 co
0 2  T 2 2 Z 0 i 2  + T i 2 t 2 2  - 2 T iT 2 f l 2  + f l 4
If we assume that Ti is zero, which is a reasonable assumption since the 
laser head output beam waist is very near its output aperture, and eliminating 
T 2  from equation 3.57, an expression that gives the output beam waist location 
T 3  as a function of Zoi,Zq 2  and the expansion ratio M is obtained
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This equation can be rewritten to give the necessary beam expansion ratio 
for a set of input and output beam conditions
/T 3 2  + Z 0 2 2M = A / *=> 3.61Z01Z02
It is possible to obtain a graphical representation of equation 3.61 by re­
arranging it in the following form
This is the equation of a circle with radius r,
M 2Zoir = — 3. 63
and centre point c at
3.64
Some circles are traced in Figure 3.20 for M=2,3,4,5 and 7 for an input beam 
neck radius of 0.4 mm such as that produced by the currently used laser head. 
Each circle gives the attainable confocal beam parameter and the beam waist
location that can be obtained with a particular beam expansion and input
beam radius. The graph is an aid to select an input beam radius and beam
expansion combination to match some desired specification of the output beam.
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F ig . 3.20 Beam expansion selection c ircles.
The current requirements of target movement range and its effect on the 
distance traveled by the beam from the sub-system to the target and also from 
the sub-system to the detector is represented in Figure 3.21.
Beam travel before target < »
Optical
Sub-
System
Beam travel before detection
1. 2. 3. 4. 5. 6. 7. 8. 9. I ^10. metre
F ig . 3.21 Range o f beam travel to the target and to the detector.
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As a compromise between small beam size at the target and little spot size 
variation at the detector, a confocal beam parameter of 4.5 metres located at 5.5 
m away was first selected. Equation 3.61 gives a beam expander ratio of M=3.76. 
The final choice between M=3 and M=4 was made on the basis of the maximum 
beam size at the target in order to keep the amount of spherical aberration to a 
minimum in the retroreflected beam. For M=4, and the near field region 
centred at 5.5 metres away, the confocal beam parameter is 9.54 and as a result 
the beam radius at the target can be as high as 1.54 mm. For M=3 and the beam 
focused at 3.57 m away, the maximum beam radius at the target is only 1.04 mm. 
M=3 was therefore selected despite the disadvantage that the spot size at the 
detector changes, even with perfect retroreflection, by a factor up to 2.06 
instead of only 1.11 for M=4,
3 .5 .2  T rack ing  A lignm ent
The adjustment of the tracking offsets is another aspect of the optical sub­
system which requires careful attention with the change of target to a cat's 
eye type. These adjustment are necessary to limit the degrading effects of the 
non-linearities in the target and also in the quadrant photodetector. Since 
both devices have good linearities near their centres, the system must aim at 
operating well centred.
During tracking the controller aims at nullifying the electrical tracking 
errors coming from the photodetector amplifier, irrespectively of the error of 
track at the target. As a result, the input translator of each controller is 
adjusted to ensure that the detector errors are nil, on average, during 
tracking. However it is still possible for the target not to be tracked on its 
centre. This will occur if  there is a lateral offset between the laser head output 
beam and the photodetector centre due to simple assembly tolerance errors in 
the optical sub-system. This adjustment is done at present by moving the beam 
expander laterally to the beam direction while simultaneously monitoring the 
tracking error signals and the position of the input and output beam at the 
target. The input and output beam can be observed in the target where they 
cross the adhesive layer. The two diffused spots produced should coincide This 
solution is not ideal since the beam expander should be used on axis as much as 
possible. A better solution would be to provide two axes of lateral adjustment 
for the photodetector.
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A target for 3D laser tracking applications must fulfil the following 
requirem ents:
1. All rays must be reflected in parallel to the incident ones and be 
laterally displaced diametrically around a fixed centre point.
2. The position of the target centre point must be the same independent 
of the viewing angle
3. All optical sub-systems must track a common centre point.
Two different target systems are described and prototypes developed. The 
first target uses two air path retroreflectors and is compatible with the use of 
an 8 mm diameter beam. However it suffers from a limited angular aperture, is 
bulky and lacks robustness.
The second target is of the cat's eye type. It is smaller, lighter and has a 
conical aperture of 157 degrees and offers the best solution for the present 
application. The beam expansion of the sub-system optics is reduced to 
accommodate the smaller linear aperture of the new target and a method to 
select a beam expansion ratio for a particular output beam specification is 
described.
 S u m m a r y
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4 PARAMETRIC GEOMETRIC MODELS OF THE SUB-SYSTEMS AND
TEST SITE
4 * 1  I n t r Q  flu c . t i . Q R
The measurement accuracy of the laser tracking instrument depends to a 
large extent on the performance of its individual components. However, 
additional degradation of the measurement accuracy can result during data 
processing from unaccounted variation of the sub-system geometry from the 
nominal design configuration.
Although Gilby [75] has produced equations describing the action of a sub­
system, his model is limited in the sense that only one sub-system geometric 
parameter, the distance between the two scanning axes, can be adjusted. The 
model assumes perfect perpendicularities of the scanner axes and of the whole 
scanning head in relation to the laser beam coming from the laser head. Also, 
it presupposes that the mirror mounts are of the mirror surface on axis type 
with no assembly errors.
A mathematical geometric model has been produced which emulates the 
action of a geometrically imperfect real sub-system. It was developed with 
particular attention given to its flexibility and ease of calibration. The ease 
with which the model can be tuned to a particular sub-system is an attractive 
feature especially in a research and development environment where design 
changes are likely. An example of such hardware modification is the change 
of mirror mount from on-axis mirror surface to balanced type. A balance 
mount reduces the undesirable effect of dynamic wobbling caused by dynamic 
lateral forces which have centrifugal and tangential components which are 
related to the presence of an eccentric mass. Such forces are reduced by 
having the mirror surface offset from the scanning axis. Such an offset can 
easily be included in the model. In addition to conscious changes to the 
nominal design values there may also be departures from the design 
parameters resulting from manufacturing and assembly tolerances. It will be 
shown that neglecting such factors can degrade the final measurement 
accuracy. These errors are in most cases difficult to measure in a direct 
manner. An indirect technique involving the measurement o f known target 
points used in conjunction with an optimisation technique represents an 
attractive solution. For this purpose the model and its associated software were 
developed with the aim of eliminating variable redundancies while providing 
a mechanism by which the optimised variables can be selected. This helps to
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determine experimentally a good compromise between final accuracy and 
convergence of the optimisation routine.
The combination of site and sub-system geometric modelling together with 
their calibration (which is treated in the next chapter) is necessary to produce 
the highest possible measurement accuracy for the basic component 
accuracies while providing the flexibility that may be required by future 
design improvements.
The overall data processing procedure resulting from these models is 
illustrated in Figure 4.1. During measurement the computer simultaneously 
samples raw data from the basic components of both sub-systems i.e. the 
photodetector, which provides the instantaneous tracking errors and the 
scanner transducers, which show the angular position around the scanner 
axes. The first operation of the data processing consists of converting the 
digitised analog signals into useful units of angle and length. Components 
models are used at this stage to reduce the intrinsic inaccuracies of the basic 
system components. These models are mainly of a polynomial nature and they 
will be described in the next chapter.
Ph.D. 1988 J.R.R. MAYER 77
Chapter 4 Parametric Geometric Models of the Sub-Systems and Test Site
Fig. 4.1 Overall data processing for the laser tracking system for
coordinate measurements.
Ph.D. 1988 J.R.R. MAYER 78
Chapter 4 Parametric Geometric Models of the Sub-Systems and Test Site
The next stage of data processing uses the sub-system mathematical model 
to calculate the equation of the lines passing through the target optical centre. 
One line for each sub-system and point measured. The two corresponding lines
are then referred to a common frame of reference by transforming one of
them. Finally, triangulation is performed to provide the cartesian coordinates 
of the target.
4,2 Sub-system Geometric Modelling
The sub-system geometric model consists of 13 scalar value parameters 
which describe the complete geometry of a sub-system's functional hardware. 
A  mathematical model is also provided that performs the necessary vectorial 
transformations to convert the raw data acquired by the instrument into the 
equation of the line passing through the target and refer it to the particular 
sub-system from which it is derived. This line of sight can be expressed as
H = h. s**- 4.1
where as is a point on the line and bs its direction cosines. Once the model 
has been defined, as and bs are functions of the scanner angles of rotations 0X 
and 0 y and the tracking offsets ey and ez. These input data are defined in
Figure 4.2 which shows the sub-system geometric model.
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The sub-system geometric model has two main functional constituents, the 
pre-steering line of sight generation and the beam steering action of the dual 
axis scanning unit. As will become clear later, the model does not operate on 
the laser beam directly but on an imaginary ray parallel to the original 
incident laser beam and passing through the optical target centre.
4.2.1 The Scanning Head
The line steering unit model can represent most geometry of a two scanner 
system. It provides a tool to transform an input ray undergoing two 
reflections through the unit.
Each scanner mirror position is given by 4 vectors and a scalar. They are, 
for scanner x:
0X : The rotation around axis jix
lix : The direction cosines of the axis of rotation of the scanner.
p.x : The point on the scanner axis which lies where the common 
perpendicular to the other scanner axis is.
m x : A  point on the scanning mirror.
nx : The normal to the mirror surface.
Similar quantities exists for scanner y. The x and y labels used to identify 
each scanner relate to the closest base axis, in angular terms, to the 
corresponding scanner axis n.. These vectors initial numerical values are 
defined for 0 nil according to the digitised angular position transducer outputs
A D C 0 x and A D C 0 y . All 4 vectors are defined, at the most, by 7 parameters. 
However not all parameters are optimised since some are fixed in order to 
define the sub-system reference frame.
ILx and n_x are unit vectors that can be defined with two angles each. 
Spherical angles are chosen and are called a ux? pUX( anx and pnx. jlx is fixed
and is used to partially define the sub-system frame of reference i axis. For 
that purpose ctux, and pux are nil. Because the mirror is normally mounted in 
parallel with the scanner axis of rotation, a nx measures the precision of the 
mirror mounting while pnx gives the mirror angular position offset at A D C 0 x
nil.
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Hx is a nil vector that defines the sub-system base origin. The z axis, k., is 
given by the common perpendicular between the two scanning axes iLx and jiy. 
m  v can be defined using a single coordinate, m xz, since the mirror surface can
reasonably be expected to cross the z axis since they are at approximately 45 
degrees to the horizontal for no rotation of the scanner. As a result of which 
its x and y components can be set at nil.
The y-scanner rotation axis jLy is defined by the two spherical angles auy
and p Uy* Only a uy is made variable. pUy is nil because iLy is always 
perpendicular to the z axis. n_y is defined in a similar way to n_x using
spherical angles any and pny.
E_y requires a single non zero coordinate pyZ and it is taken at the junction 
of the z axis and iLy. Finally m_y follows a similar definition to m.x*
The previous definitions can be summarized as follows:
Ux = (1 , 0 , 0) 4.2a
Px = (0 , 0 , 0) 4.2b
ULx “ (0 > 0 , m xz) 4.2c
ILx = (cos Pnx cos anx , cos pnx sin anx , cos pnx) 4.2d
lLy = (cos auy , sin auy , 0) 4.2e
jLy = (0 , 0 , pyz) 4.2f
m  y = (0,0, m y Z) 4.2g
n.y = (cos pny cos any , cos pny sin any , cos pny) 4.2h
4.2.2 Line of Sight Before Scanning
The location of the target line of sight is first calculated before it has been 
steered towards the target by the scanning unit on exit from the optical sub­
system. The line of sight at this point is defined by a point a."t and a direction 
lib- The direction vector is defined using the two spherical angles cxb and pb-
3."t varies with the amount of tracking error £. but also has an offset which 
depends on the laser head and photodetector positions. &"t is given by
a"t = d. + [Rab,z] [Rpb,y] [Ryd.x] £. 4.3
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where d. combines the laser and detector physical offsets. Only those offsets 
in a plane normal to the direction need be considered since the exact position 
of the target along that line is not known for a single sub-system. The rotation 
matrices which transform £_ are necessary because the photodetector is 
calibrated relative to a plane normal to the beam and with respect to a set of 
axes in this plane having a particular orientation around the plane normal. 
The definition of each matrix is described in Appendix 4.
Table 4.1 lists the sub-system variable parameters and their values for the 
Markll nominal sub-system geometry. Notice that the mirrors are of the 
mechanically unbalanced type.
Table 4.1 Nominal values of the Markll sub-system geometric model 
parameters for unbalanced scanning mirror mounts.
Steering unit Line generation before steering
- scanner x
m xz = 0 m s ii o 0
anx = 90° Pb = 0°
o1IIXGCO.
S
: II © O
- scanner y d y  = 0 m
auy = 90° dz= 0 m
Pyz = -0.030 m
myz = -0.030 m
any = 180°
Pny ~ 45°
4.3 Rav Transformation Through the Scanning Head
The transformation of a ray through the scanning unit corresponds to a 
sequence of two reflections. A ray is defined before scanning by a point a.0 
and by its direction bo* A  mirror is represented by a point on its surface m.and 
its surface normal n.. Gilby [75] developed the following equations to calculate 
the state of a ray after reflection
(m. - a.0) • n_
ai = frO +  T------- h.0 4.4b_0 ' fr­
ill = fro - 2(b_o * 2-) fr. 4.5
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In the case of scanning mirrors the difficulty lies in the updating of the 
mirror vectors with scan angles. Suh and Radcliffe [84] described a matrix 
form to express the motion of a rotating rigid body which is particularly 
suitable for the present problem. The attraction of this method is that it 
defines the rotation matrix terms in terms of a rotation 0 around an axis 
defined by its unit direction vector u.. This axis rotation matrix [Re,*] is
calculated as follows
[R 0,u3 -
ux2V0 + C0 uxU y V 0 - u zS0 
UXUyV0 + UZS0 Uy2V0 + C0
L UXUzV0- U y S 0  UyUZV0 + uxS0
UXUZV  0 4" UyS0 
UyUZV  0 - uxS 0 
UZ2V0 + C0
4.6
where: V0 = vers 0 = 1- cos 0 
S0 = sin 0 
C0 = cos 0
The axis rotation matrix is used directly to calculate the change in direction 
of any vector rigidly related to the rotation axis, such as the mirror normal n..
The transformation of a point rigidly related to the axis requires the definition 
of a 4x4 spatial rigid body displacement matrix [De,*,p]. This matrix is a 
function of the scan angle 0, the rotation axis il and a point p. on the axis. 
Suppose that a point q.i is to be transformed into q.2 after a rotation 0 around q_. 
The rotation matrix can then be used if another point p.i is defined to operate 
on vector q_i-Hl>
02 - H2 = [Re,ii3 (HI - Hi) 
now isolating q.2,
H2 = [R e,iii (HI ” Hi) + EL2
4.7
4.8
The 3x3 system of equation 4.8 can be turned into a 4x4 one by extending 
vectors q.i and H2 to 4 elements, the fourth element being unity. Equation 4.8 
can then be written as follows
4.9
"H2" [Re,*l (n2- [Re,*] Hi) "Hi"
. 1 . . 0 0 0 1 - 1 .
The previous equation requires the knowledge of the transformed point p.2. 
However if jli is chosen on the axis of rotation then q.2 and ELI are identical
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since the point effectively does not move. Assuming that such a point is called 
p., then we can write
4.10
"9.2“ "9.1“
.  1 - = [DejLp] _  1 _
where,
[Re,ul ([I] - [Re,*] il)
0 0 0 1
4.11
Both the axis rotation matrix and the spatial rigid body displacement matrix 
can readily be formed for each scanner from the geometric model definition of 
the scanning axes. This is because the vector pairs (u.x, Hx), and (u.y p.y) used to 
define each scanner are directly compatible with the vector pair (u.,p) used to 
derive the axis rotation matrix and rigid body displacement matrix.
These new mathematical tools are used to calculate the new mirror normals 
after scanner rotations as follows,
frx' = [R0x,p.x] nx 
fry = [R0y>fry] fry 
and the new point on each mirror are calculated thus, 
I f r x '  = [D0xJl*.Px] Q Lx
U L y =  [ D 0 y , y . y , P y ]  IU .y
4.12
4.13
4.14
4.15
These new mirror vectors are then used in combination with the reflection 
equations to transform the line of sight equation before steering into the 
equation of the line of sight after reflection at the two scanning mirrors. The 
two lines of sight so calculated, one from each sub-system, are combined by 
triangulation, as will be shown in Section 4.5, to find the cartesian coordinates 
of the target.
 Effects Qi Sufr-SYSten) Parameter Errors qj\ Cfrfrrfli.nate.
Calculation
In this section, it will be shown that considerable coordinate measurement 
errors can result from errors in the determination of the sub-system 
geometry. The procedure consists of generating a set of artificial test data
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using an ideal sub-system model and processing it using erroneous models. 
The generation of artificial raw data is explained in Appendix 6. The method 
assumes that the tracking errors are zero. Zero tracking error would only be 
obtained for a perfectly stable and infinitely fast tracking system. This fact 
must be taken into account when analysing the results.
The test data is produced from a set of target positions corresponding to a 1 
metre sided grid of 64 points located at 3 metres away from both sub-systems 
along their respective y-axes. As a result the two sub-systems are located at 90 
degrees from each other and 3V 2 m  apart.
The data processing consists of two steps. First the site geometry is
calibrated and the target coordinates calculated. Secondly the calculated set of 
target coordinates is matched against the original set using a least squares 
method which minimizes the distances between associated point pairs. This 
method provides a measure of the coordinate distortion resulting from the
erroneous sub-system parameters. The sum of the squares of the residuals 
from the. test site calibration routine is also recorded. This sum indicates how 
well the corresponding lines of sight can be made to intersect at the target and 
as such is a measurement of the distortion of the measurement ray bundle.
A  total of 27 runs were made. The first run was carried out with no errors 
in the sub-system model. The other 26 runs each consisted of an error on one 
of the sub-system parameters. The routine does not attempt to find the correct 
value for the parameter. However the site geometry variables are allowed to
change so as to partially compensate for the erroneous parameter. Table 4.2 
gives the results. The table lists the sum of the squares for the site calibration 
routine as well as the maximum measurement uncertainty. The amount of 
error of each parameter is also given.
The influence of parameters piny and P2ny on the measurement precision is
considerable. These parameters represent the y-mirror positions for zero
transducer outputs offsets. An error of 1 mrad (0.057 degree) in either of those 
parameters results in a measurement distortion of approximately 0.8 mm. This 
represents a serious degradation in measurement accuracy. On the other hand 
the fact that some of the parameters do not seem to have much effects on the 
measurements cannot be interpreted as their being unnecessary for two
reasons. One is that this may only be caused by the assumption of zero
tracking errors made to produce the test data, and the second reason is that the 
raw data have been produced with nominal values for the sub-system 
parameters.
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Table 4.2 Measurement uncertainties as a result 
of subsystem parameter errors.
Parameter Parameter
variation
measurement
uncertainty
(mm)
sum of squares
(10-12 m m 2)
no error - 0.042 3.97921
Piny 1. mrad 0.832 70.1607
Plb 1. mrad 0.428 21.1494
a lnx 1. mrad 0.360 13.8087
a lny 1. mrad 0.227 12.8036
a luy 1. mrad 0.222 10.5049
aib 1. mrad 0.048 9.22527
m  lxz 1 m m 0.109 4.96390
d 1 y 1 m m 0.066 4.81765
Plyz 1 m m 0.123 4.48511
m  lyz 1 m m 0.128 4.43108
Yld 1. mrad 0.042 3.97921
diz 1 m m 0.043 4.18698
Plnx 1. mrad 0.043 3.97921
p2ny 1. mrad 0.787 66.1475
P2b 1. mrad 0.383 18.8961
«2nx 1. mrad 0.409 14.9342
«2ny 1. mrad 0.215 13.8932
&2uy 1. mrad 0.219 10.7765
a2b 1. mrad 0.048 9.22527
ttl 2xz 1 m m 0.109 4.96390
d2y 1 m m 0.066 4.81765
P2yz 1 m m 0.118 4.55597
m  2yz 1 m m 0.114 4.64246
72 d 1. mrad 0.042 3.97921
d2z 1 m m 0.044 3.79544
p2nx 1. mrad 0.042 3.97921
These results illustrate the importance of precise sub-system calibration if 
accurate measurements are to be obtained from the laser tracking instrument.
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4A___ Triangulation
Triangulation is the process by which the information produced by each 
sub-system is combined to provide the cartesian coordinates of the target 
position.
In principle the two lines of sight originating from each sub-system should 
intersect at the target optical centre point. However due to measurement 
errors and computer resolution, the position of the target is defined as the 
middle point on the common perpendicular between the two lines of sight. 
This process is illustrated in Figure 4.3.
Fig. 4.3 Triangulation of the target position.
The triangulation requires all data to be referred to a common frame of 
reference. The data from sub-system 2 is transformed to be referred to the
reference frame of sub-system 1. This is done as follows,
as2/1 = [T2h as2/2 +102/1 4.16
ts2/l = [T 2] 1 Its 2/2 4.17
where [T2]i is the rotation matrix and 102/I the translation vector between the
two frames. These quantities, together with the notation used are described in
Appendix 4. In the following development, the second indices, which 
represent the frame of reference will be dropped since all quantities are
referred to sub-system 1. The two lines of sight are now,
Pc l = 3.sl+^slilsl 4.18a
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He 2 = &s2 + ^ &2hs2 4.18b
The common perpendicular vector, £. , between these two lines represents 
the shortest straight line between them. The square of its magnitude, I n I2, is 
given by the dot product
The values of !si and XS2 are those at which both partial derivatives of I q.]2 
with respect to ! S1 and X,S2 are zero. A  system of two linear simultaneous 
equations results which can be solved for A,si and !S2,
f ksl • {as2-Hsl} 1
{ k ) = i  \ 4.23I lls2 • {as2-2.sl} J
Once the values for X,si and XS2 have been calculated , the target coordinates 
are finally given by,
with Hci and ^2  given by equations 4.18a and 4.18b using the newly calculated 
ks vector.
4.5.1 Effects of Scanner and Detector Errors on Coordinate 
Calculation
It is useful to analyse the effect of scanner and photodetector errors in 
final coordinates calculation as a function of the target position and baseline 
length. It provides a tool to establish the specification required for these 
components in order to achieve a certain coordinate measurement precision. 
It is also useful for deciding on the relative position between the sub systems 
and required measurement volume to ensure optimum measurement 
sensitivity.
I H I2 = ( Hc2 - Hcl) • ( Hc2 - Hel) 4.19
[B] Os) = {k} 4.20
where,
ksl'b-sl -llsl-ks2
[B] = 4.21
„ - h s 2 * l ls l  I ls 2 - l ls 2  _
4.22
4.24
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Figure 4.4 shows two orthogonal views of the lines of sight generated for 
the measurement of a target position. On the right is a view normal to the 
measurement plane containing the triangle made of the two sub-systems 
origins and the target. On each side of the correct line of sight are the lines 
representing the position uncertainties on the line of sight due to errors on 
the scanners and photodetectors.
Fig. 4.4 Effect of errors on the determination of the lines of sight on the 
measurement uncertainty of the target position.
The method that follows is an approximation that is based on two 
assumptions. The first assumption is that all lines of sight, ideal or erroneous, 
cross the sub-systems origins. In practice, the offset from the origin is 
smaller than 20 m m  while the target is generally more than 0.5 metres away. 
This assumption allows the definition of a triangle made of the baseline and 
the two lines of sight. The second assumption is that the angular errors on the 
scanners are small enough for the erroneous lines of sight to form a near 
parallelogram around the target.
Figure 4.5a shows an enlarged view of the parallelogram of position 
uncertainty in the plane of sight. Depending on the subtended angle at the 
target, the largest measurement error is either upi or up2, and is called up.
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Fig. 4.5a Parallelogram of position uncertainty in the plane of sight.
Figure 4.5b shows the near rectangle of uncertainty normal to the plane 
of sight. In this case, un represents the largest error.
Fig. 4.5b Near rectangle of position uncertainty normal to the plane of
sight.
The total uncertainty of measurement u, is
u = V u n2+up2 4.25
Let us first develop an expression for up2. Following from what was said
earlier on
up2 = M A X  [upi2,up22] 4.26
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where upi2 and up22 are calculated using the law of cosine
upl2 - si2+S22-2siS2COS (oti+oc2) 4.27
up22 = si2+S22-2siS2cos (180-ai-a2) 4.28
Equations 4.27 and 4.28 are similar except for the sign of the last term due to 
the cosine angles which are supplementary to each other. up2 can then be 
written as
Up2 = si2+S22+2siS2 Icos (ai+0C2)l 4.29
si and S2 are functions of the lines of sight errors ei and e2 and angles cci 
and a 2
si = -r—  e-------r 4.30a1 sin (ai + a2)
s2 = . Z 2 ,----r 4.30b* sin (ai + a 2)
Finally, the errors on the lines of sight are contributed by the scanners
angular error 8 and by the photodetector error one axis error e
ei = 28di+e 4.3 la
e2 = 28d2+e 4.31b
Substitution of Eqs. 4.30 and 4.31 into Eq. 4.29 yields
“ P2 = 2e2+4 82(d 12+d22)+2(28)e(d i +d2)
+2(482did2+28e(di+d2)+e2) Icos (cxi + a2)l] 4.32
The case of un is much simpler and is equivalent to averaging the 
uncertainties from both lines of sight
el+e2 A „un = J 4.33
and substituting the expressions for ei and e2
Un = 28(d1^ 2)±2E 434
Distances di and d2 from the sub-system to the target can be derived in 
terms of the subtended angles and the baseline length b using the law of sines
Chapter 4 Parametric Geometric Models of the Sub-Systems and Test Site
PhD. 1988 J.R.R. MAYER 92
Chapter 4 Parametric Geometric Models of the Sub-Systems and Test Site
— fr—  = - 4 2 — = ---- 6-----  4 35sin a2 sin ai sin (ai + a2)
A first analysis of u can now be performed. u is best represented 
graphically using a contour map. Figure 4.6 shows a map of the measurement 
uncertainties for a scanner mirror position error 8 of 1 arcsec and a tracking 
error uncertainty e of 10-5 of an arbitrary unit of length. The baseline length 
b is 1 in the same arbitrary unit of length as e. The contour key is in the same 
unit as e. The currently attainable measurement area is also shown for a 
scanner mechanical rotation angle range of 25 degrees peak to peak.
For example, assuming a baseline length of 2 metres, The contour key must 
be multiplied by 2 and Figure 4.6 then represents the total measurement 
uncertainty for a tracking error measurement error of 20 p m  and a scanner 
error of 1 arcsec. The graph cannot be used for a different scanner error and 
the tracking error uncertainty must be scaled by the baseline length.
JJ_ bCONTOUR KEY1 0.310E—012 0.370E-013 0.129E-011 0.189E-015 0.519E-016 0.608E-017 0.6G8E-018 0.728E-019 0.787E-0110 0.817E-0111 0.906E-0112 0.96SE-0113 0.103E-0311 0.109E-0315 0.111E-03
Scanner error = 1 sec 
Photodetector error = 10'5b Baseline length = b
em i Sub-system 2
Fig. 4.6 Contour map of the measurement uncertainties u for a
combination of scanner angle and tracking error uncertainties.
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The isolated effects of a scanner angle error 8 and of a tracking error 
uncertainty e can be determined by assuming that each one in turn is equal to 
nil. For example, with e equal to zero,
Up2le=0 = ^ j ~ ~ ^ y ^ s i n 2ai+sin2a2+2sinaisina2|cos(ai+a2)|^ 4.36
and
_ „ (sinai+sinoc2)
u n e - 0  s i n ( a i  +  a 2 )
In this case both up and un are linearly proportional to the product b8 as 
well as being affected by the angles of the rays at the target ai and a2. The 
linear dependence makes it possible to produce a single contour map, which 
can be used to predict the value of u, for any values of 8, b, ai and ct2. This map 
is shown in Figure 4.7. The contour key can be scaled by the value for 8 in 
arcsec and by b in metre.
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uTT
CONTOUR KEY1 0.131E—012 3.168E-013 0.201E-041 0.211E-015 0.278E-016 0.315E—017 0.352E-048 0.389E-049 0.126E-0110 0.1S3E-0111 0.199E-0112 0.536E-0113 0.573E-0111 0.610E-01,5 0.617E-04
Scanner error = 8 sec Photodetector error = 0 Baseline length = b
-0.2 0/V 0^.2 0.1 0.6x bSub-system 1
Fig. 4.7 Contour map of the measurement uncertainties u for an error in 
the determination of the scanner mirror angular position and 
with no error in the determination of the tracking error.
Fig. 4.7 is useful as an aid in deciding on the location of the optical sub­
system on a test site. As can be seen from the contour map the two laser beams 
should be nearly perpendicular for no scanner deflection angles and the robot 
test envelop should be centred at where the beams meet. The baseline length 
should be kept to a minimum.
In a similar way the sole effect of an uncertainty e on the tracking error 
can be evaluated by assuming 8 nil.
uP2'S=0 = sin2(2a£12+ a2)( l+|co.<«l + «2)l) 4.38
unl5=0 = e 4 -39
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Both Up and un are linearly proportional to e. In this case, a single contour 
map can be used to study the effect of e, aj and a 2. Figure 4.8 shows the 
contour map for the measurement uncertainty u, due to an error e0 of 10 p m  on
the determination of the tracking error. The contour key can be scaled by the 
ratio e/e0. The baseline length b does not affect the error values.
£<>ueCONTOUR KET1 0.1906-012 0.2236-013 0.2576-011 0.2906-015 0.321E—016 0.3576-017 0.391E-018 0.121E-019 0.1586-0110 0.191E-0111 0.5256-0112 8.558M113 0.591E-01H 0.8256-0115 0.8586-01
Ec= 10'5Scanner error = 0 Photodetector error = £ Baseline length = b
Sub-system 1 Sub-system 2
Fig. 4.8 Contour map of the measurement uncertainties u for an error on 
the determination of the amount of tracking error and no error on 
the scanner mirror angular position.
As an example, let us consider the inclusion of a 1 metre sided square area 
within the attainable measurement area. Graphically it is found that a 9b/20 
sided square can be included at the base of the area. As a result, a baseline 
length of 2.22 metres is required. From the error contour keys we can derive 
the following measurement uncertainty values, for a scanner error only, from 
Fig. 4.7,
u < 41.3 8 pm 4.40
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for a tracking error uncertainty only, from Fig. 4.8,
u < 23.2 - pm 4.411
and finally for a detector error of 22.2 p m  (proportional to b) and a scanner 
error of 1 arcsec, from Fig. 4.6,
u < 88.8 pm
It can be concluded that in order to achieve a measurement precision of 0.1 
mm, in a one metre sided cube the scanner mirror angles and tracking error 
uncertainties must be kept below 1 arcsec and 22.2 p m  respectively.
4.6 Summary
A  general model of the system is developed to process the instrument raw 
data and calculate the target coordinates. The model includes a total of 32 
parameters, 13 per sub-system and 6 to describe the relative location between 
two sub-systems on a test site. The sub-system model consists in a general 
geometric representation of the optical hardware and also a description of the 
path of a ray through the scanning unit.
An analysis is made of the effects on the coordinate accuracy of system 
errors such as errors on the determination of the mirror angles and errors on 
the measurement of the tracking offsets as well as the effects of sub-system 
model parameters inaccuracies. It is concluded that for a measurement 
precision of +/- 0.1 m m  in a 1 metre cube, the mirror angle must be measured 
to a precision of about 1 arcsec and the tracking error to better than 22.2 pm. 
Also the sub-system models must be calibrated if no further degradation to the 
measurement accuracy is to occur.
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5 STATIC CALIBRATION: A L G O R I T H M S  A N D  TECHNIQUES
The preceding chapter presents a mathematical model which uses the 
scanner angles and tracking errors in conjunction with the sub-systems and 
site models to calculate the target coordinates. It assumes that the various 
sampled data are in conventional engineering unit forms and that all model 
parameters are known.
This chapter provides models for the basic system components, the 
photodetector and scanners, and also provides practical techniques for their 
calibration to the required precision. The problem of estimating the relative 
location between two optical sub-systems on a test site is also addressed as is the 
calibration of the sub-systems’ geometric models. In developing the 
calibration methods, the underlying philosophy is to enhance the final 
instrument accuracy while keeping the experimental procedure involved to a 
minimum.
5J__ Xlie PhotQfl.e.tector
The response function of the photodetector gives the lateral offset between 
the incident beam and the target centre as a function of the four detector 
outputs. The quadrant detector used with the Markll sub-system detects the 
position of the retroreflected light spot. Normalised readings of the spot 
position on the surface of the detector can be calculated as follows
_ qi + q4 - 92 ~ 93 
nx 91 + q2 + 93 + 94
,9 L ±._9 2.,:, q.3_-,.94„.
ny 91 + 92 + 93 + 94
where the indices represent each of the four quadrant cells of the detector.
As was shown by Gilby [75], the response of the detector outputs to a 
gaussian spot is linear only for a region near the detector centre. When using 
a cat's eye target, however, the non-linearity of response is compounded by 
the effect of beam divergence from the target. A polynomial is used to 
calculate the target offset from the incident beam, as a function of the detector 
normalised outputs. This only contains odd power terms since the function is 
odd. For example ex has the form,
e x =  a l enx +  a2enx^ +  ••• 5.3
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The calibration of this function takes place after completion of the sub­
system assembly in order to ensure that the calibration compensates for
possible effects that may be introduced for example, by a tilt of the detector 
surface, or by other optical components such as the beamsplitter. Also, it 
ensures that the correct light intensity levels are used.
The calibration test consists of moving the target laterally to the incident
beam by known amounts while recording outputs. During the test, the 
tracking is not active and the outgoing beam remains stationary. Figure 5.1 
shows a diagram of the relationship between the quadrant detector and the x-y 
stage. The dual axis translation stage is operated manually via micrometers
with a resolution of 10 Jim. Before the start of the test, the stage plane of 
motion is adjusted normal to the incident laser beam by simply holding a flat 
mirror against it and orientating the stage to ensure that the reflected laser 
beam impinges on the photodetector. This is monitored by observing the 
beam-on-detector signal.
R- beam
f stage
i stage
-target
2- rrb
x -y  stage  se e n  looking aga inst 
the inc id ent beam  d irectio n .
Q u a d ra n t d e te cto r se e n  looking in 
the d irection o f the im ping ing  beam  
with the s ta ge  fram e equ iva len t reflected  
position .
Fig. 5.1 Diagram showing the relationship between the quadrant detector 
reference frame and the x-y stage reference frame.
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Considering the ray path through the calibration set-up, we can assume, 
at first, ideal retroreflection and write
The stage frame can be projected through the sub-system optics onto the 
detector axes. A  transformation of coordinates is then required to relate the 
detector error vector £j detector to the stage error Prrblstage*
Since £.|stage should be equal to pnrblstage* equations 5.4 and 5.5 can be solved 
f°r P-targetlstagelcalc.* the calculated target position on the stage from the 
detector outputs,
The calibration aim is to make the estimated or calculated ptargetlstagelcalc. 
correspond to the actual value Ptargetlstageiactual- A  measure of the mismatch is 
given by £.,
£. - Ptargetlstagelcalc. " Ptargetlstagelactual
where is an offset vector that compensates for the lateral offset between the 
detector and stage axes. Equation 5.7 contains 3 unknowns which are y and the 
two coordinates of d, d x  and d y .
A  search routine is used to estimate the values of the polynomial 
coefficients as well as the calibration stand model parameters y, dx and d y .
The experimental procedure for the photodetector calibration typically 
consists of moving the target through a 2D grid of about 25 points around the 
detector centre.
5.2 The Scanner.
As was shown in Chapter 4, a scanner angular accuracy of around 2 arcsec 
(for no tracking error uncertainty) is required if coordinate measurements of 
the order of 0.1 m m  accuracy are to be achieved in a volume of 1 metre cube.
Prrblstage — Pbeamlstage+ 2(Ptargetlstage"Pbeamlstage) 5.4
SJstage - [Ry.zdetector] SJdetector + Idetectorlstage 5.5
Ptargetlstagelcalc. — ' [Ry,zdetector] Sldetector + Idetectorlstage
Ebeamlstage 5.6
-^ ■[Ry,zdetector] SUdetector ~ Ptargetlstagelactual + il 5.7
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The calibration covers the scanner transducer and also the precision of the 
axis of rotation or wobble. The wobble is the rotation of the mirror around an 
axis which is perpendicular to the scanner axis of rotation and parallel to the 
mirror surface and since it is not monitored by the laser tracking instrument 
it must be small compared to the required angular performance of the 
scanners.
The performance of the scanner angular position readout is described in
terms of static repeatability and non-linearity. The results of these tests are 
used to compare different scanners, predict the final system precision and
compensate the scanner position output for non-linearities by means of an
off-line procedure in the software.
The demand put on the measurement technique are two fold. Firstly, it must 
be able to measure to an accuracy of about 1 arcsec both the on-axis and the 
wobble rotations. Secondly, it should be non-contacting since the motion of 
the scanner shaft may be modified under external forces not present during 
normal system use. It is highly desirable to monitor directly the movement of 
the scanning mirror. The total mechanical scanning range is 25 degrees.
5.2.1 The Measurement Technique
The problem of measuring the static angular position of a reflecting
surface is well suited to the application of an autocollimation technique. A
high accuracy theodolite is used with a special autocollimation eyepiece. The 
theodolite used is the T2000 electronic theodolite made by Wild Heerbrugg. It 
has an accuracy of the order of 1 second of arc and can be interfaced to a 
microcomputer via an RS232 port to ease the data acquisition.[57] When used 
for the purpose of autocollimation measurement, the theodolite telescope is
focused to infinity and its reticule is illuminated by light rays coming from 
between the eyepiece and the reticule. The reticule shadow is projected outside 
the telescope and towards the mirror surface as parallel rays. The reflected 
ray bundle will be tilted by twice the angle between the mirror normal and the 
telescope axis. The reflected ray bundle re-enters the telescope and the
reticule is imaged in the object reticule plane where they can both be 
observed by the theodolite operator. The image reticule will be laterally
displaced in proportion with the mirror tilt. The instrument is used as a 
nulling device and the operator attempts to make the two reticule coincide, at 
which point a reading is made of the two theodolite orientation angles. [85]
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A limitation of this method is that the angular range of measurement is 
dependant on the mirror size. For example, the currently used large tracking 
mirror 36x44 m m  can only be tested over +/- 7 degrees. This limitation was 
overcome by using a larger mirror of 70x40 m m 2. The quality of the image 
reticule is dependent on having much of the incident ray bundle being 
reflected by the mirror. This imposes a mirror width of around 40 m m  to 
match the telescope ray bundle diameter.
5.2.2 Calibration Stand Model
The calibration stand is modelled geometrically to assess the relation 
between the theodolite angular readings and the mirror angular movements. 
In general, as the scanner rotates the mirror normal vector describes a cone.
The cone axis is given by the scanner axis of rotation. Ideally the mirror is 
parallel to the scanner axes and the cone becomes a circle with the mirror 
normal always parallel to the circle radius. The autocollimation set-up is 
defined relative to the theodolite reference frame using three parameters. 
Two of the three parameters are the spherical angles as and ps that define the 
scanner rotation axis, s., as
S. = (cos ps cos as, cos ps sin as, sin ps) 5.8
The third parameter is the cone half angle Yn that defines the orientation 
of the mirror normal, n., relative to the scanner axis of rotation. This model
completely characterizes the set-up and as such gives complete flexibility to
the operator. No special jig is required except to ensure that the relative
location of the theodolite and scanner under test is not altered during the test.
There are however two limitations on the site geometry which are 
necessary in order to optimise the use of the mirror size and to achieve a wide 
angular measurement range. One requirement is that the telescope is as near
as possible to the mirror surface. The other is that the telescope axis should
closely intersect the mirror central point while being normal to the mirror 
surface for the scanner at the middle position of the angular range to be
tested.
During testing the theodolite is aligned parallel to the mirror normal by 
the operator by aligning the object and image reticule for each tested scanner
angle. After having converted the theodolite horizontal and vertical angles, 
Hz and V, into their polar equivalents, at and Pt>the mirror normal vector can 
be calculated as follows,
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n = (cos pt cos at> cos Pt s*n at* s’n Pt) 5.9
The cone angle can now be calculated using the dot product between n. and
S.,
Equation 5.10 forms the basis of the optimisation routine used to estimate 
the three test site parameters. If a number, N, of at least four different 
angular positions are tested, the following functions can be minimized to 
provide the parameters estimates,
This process of site identification must be performed before any scanner 
rotation or wobble can be obtained.
The wobble is readily calculated as the departure between the actual mirror 
normal and its ideal locus, the cone. This is directly equal to the difference 
between the actual value for Yn and its ideal value as estimated by the 
optimisation routine. The wobble is then calculated using equation 5.12,
wobble = arcos (n • s) - Yn 5.12
The on-axis angular position of the mirror is defined as the rotation of the 
projection of the mirror normal n_ on a plane normal to the scanner rotation 
axis s.. For convenience and because of the availability of routines for the 
calculation of transformation matrices, the algorithm that calculates 0 first 
rotates the cone so that its axis is parallel to the reference frame z axis. This is 
done as follows,
Q. = [R-(90-ps),yl [R-as,z] S. 5.13
The mirror normals can then be directly projected onto the x-y plane 
which is now normal to the cone axis, simply by setting their z components to 
zero. Angle 0 is then given by the polar angle a of the projected normal in the 
x-y plane.
5.2.3 Experimental Procedure
The calibration of the scanner takes place on a specially made rig that 
allows a larger mirror to be mounted on the scanner shaft than would
n • s. = cos Yn 5.10
5.11
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otherwise be possible. The rig is firmly clamped to a steel table that also 
supports the theodolite.
An important requirement of the method is that the mirror should be 
perfectly still in order for the image reticule not to be blurred. It was found 
that this could only be achieved by driving the scanner without the controller, 
using the driver only from a different sub-system electronic rack to that used 
for the data acquisition.
The testing was made simpler, faster and less likely to include errors by 
making use of the RS232 port of the theodolite so that its data could be read 
directly into a file on the disk at the press of a single key.
The actual test generally consists of driving the scanner through a
complete cycle at angular intervals of approximately 2 degrees. The scanner 
temperature regulation was switched on at least 60 minutes before testing 
began as were all other system components.
5.3 The Test Site Geometry
The calibration of the test site geometry must be performed after the 
instrument sub-systems have been set-up on a test site. It consists of 
estimating the six spatial variables that define the spatial relationship between 
the two sub-system reference frames. These variables were defined in chapter
4 when describing the triangulation process.
The calibration method uses an indirect measurement technique which 
means that the unknown dimensions are not measured directly in a 
conventional manner. Direct measurement of these parameters is neither
practical nor necessary. The indirect method consists of measuring a set of 
target positions which provide a geometrical criteria that can be used to 
estimate the solution.
5.3.1 Site Geometry Calibration Criteria
Two criteria are used to define a valid solution for the six unknown site 
variables.
The first criterion uses the fact that for each point measured, the two lines 
of sight, one from each sub-system, must closely intersect, within the 
instrument precision, at the optical centre of the target. A  semi-random set of 
at least 6 points which do not lie in the same plane are measured. This 
criterion was found to provide the angular shape of the test site but not its
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scale. A  second criteria is required in order to obtain the site scale which is in 
fact the distance between the two sub-system reference frames (also called the 
baseline). For this purpose, two target positions are measured which are
separated by an accurately known distance. This target arrangement forms a
reference scale bar.
In mathematical terms the semi-random path criteria can be expressed as a 
vector of residual errors, r,
1= ( I £.1 I , I £2 I.................. I £i I > - . I £ N  1 ) 5.14
The second criterion, for the scale determination, is represented by a single
residual error, S,
S =  I(tts2-Bsl)l - D 5.15
where D  is the known distance between the two targets forming the
reference scale bar and p^2 and Hsi the two measured target positions, r and S 
are finally merged into a single residual vector.
Two optimisation algorithms were tested: First, a number of search routines 
using the sum of the square of all residuals were tried and found to be slow to 
converge. A  faster convergence rate was obtained using a classical least
square method [86],
This least square algorithm required the calculation of the residuals’
Jacobian matrix. Both analytical and numerical methods were used. The 
analytical derivatives are presented in appendix 5. Both methods were coded 
in FORTRAN77 routines and found to produce similar results.
5.3.2 The Reference Scale Bar and its Calibration
The reference scale bar consists of two cat's eyes mounted at a distance of
601.43 m m  from each other. This distance does not have to be of any specific
length but it must be known as the ratio of the precision to which it is
calibrated to the total length of the bar affects the accuracy of the baseline 
calibration. This ratio should be greater then the expected basic instrument
accuracy due to its basic constituents such as the scanner angular transducers
and photodetectors. However even though the length of the scale bar is 
perfectly known the precision of the site scale calibration is still proportional 
to the ratio of the system basic instrument accuracy to the scale bar length.
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The reference scale bar is made of 25 m m  diameter ester matrix-carbon 
fibre tubes of 1.5 m m  wall thickness. This material has a very low coefficient 
of thermal expansion of -0.7xl0-6/°C, according to manufacturers figures, 
which makes it ideal for this application since the calibrated length will be 
stable with varying environmental temperatures. Its strength, stiffness and 
lightness are also excellent and so its use results in a robust yet easily portable 
structure. The reference scale bar is shown in Figure 5.2.
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Fig. 5.2 Photograph of the reference scale bar.
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The calibration of the scale bar length requires the ability to detect the 
position of the cat's eye optical centre, and also the ability to either move the 
bar or the detection system from viewing one cat's eye to viewing the other 
while measuring the linear displacements involved. Although the cat's eye 
centre detection could be performed using one of the laser tracking sub­
systems, it was decided that a low cost and more portable system would be more 
convenient especially if the calibration is to be performed on a remote site. A 
concept for the calibration procedure was proposed by Burch [79]. It consists 
of a viewing system capable of detecting the optical centre of a cat's eye as well 
as that of a precision, and well polished, steel ball. The method consists in 
aligning the two viewing systems on each of the two cat's eye on the reference 
scale bar. The bar is then removed and replaced with an adjustable length 
reference scale bar which has precision steel bars instead of cat’s eyes
mounted on it. Without disturbing the positions of the two viewing systems,
the bar length is adjusted to align each ball centre with its corresponding
viewing system. The steel ball bar is then locked at its adjusted length and can
then be sent to a national test centre such as the National Physical Laboratory 
of the U.K. which is well equipped for measuring distances between steel balls.
The complete method has however not been implemented since a simpler 
approach was found to be adequate. This simpler method consists of using a 
single viewing system and moving it relatively to the reference scale bar so 
that the two cat's eye are detected in sequence with the displacement between 
the two instances being monitored to the required level of precision.
The viewing system principle of operation is illustrated in Figure 5.3. It 
optically detects when its axis is pointing at the cat's eye centre or 
alternatively at the centre of a well polished precision steel ball. It operates as 
follows. A pinhole is imaged onto the cat's eye where it is retroreflected 
afocally in the usual way. The retroreflected image ray bundle is deflected by 
the beamsplitter and the image pinhole is formed on a reticule. The operator 
observes the coincidence of the reticule and pinhole image through a 
microscope to improve the system resolution. The resolution is also increased 
by the lateral magnification of the projection lens. The viewing system was 
made and tested with a glass cat's eye mounted on an x-y precision translation 
stage. It was found that the cat's eye centre can be detected with a
repeatability of +/- 1 pm. Notice that the device detects the true centre of a 
cat's eye only if its reticule and pinhole are perfectly aligned. Although this is 
adjusted carefully it cannot be done perfectly. However since the same device 
is used for both targets the same point on each cat's eye is detected and the
error cancels out.
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5.4.1 Partial Direct Calibration
The direct measurement of the actual values of the sub-system parameters 
is a very difficult task owing to the design and nature of the hardware 
involved. Only the mirror offsets pinx> p2nx» Piny and p2ny have so far been 
directly measured. The last two of these were found to be amongst the most 
important ones to calibrate as explained in Chapter 4. The method consists of 
holding a flat mirror normal to the nominal beam exit direction and driving 
the scanners until the reflected beam hits the quadrant detector at its centre 
point. At this point the scanner angular transducers output of both mirrors 
are read.
5.4.2 Indirect Sub-System Calibration
The indirect calibration of all 26 sub-system geometric parameters is a 
difficult task mainly for two reasons. One is that a set of target observations 
and associated solution criteria are required that will provide sufficient 
constraints on the problem for a solution to be found. There is also a danger 
that an acceptable solution for the target positions and solution criteria used at 
calibration time could result in some measurement distortion under different 
test conditions.
A  reliable method is not yet available for the indirect calibration of the 
sub-systems. However, to illustrate the potential of such a method, a simple test 
was carried out with simulated data using the same solution criteria as that 
used for the calibration of the test site. This time, variable Piny was allowed to
change. This resulted in a maximum measurement distortion of 0.033 m m
instead of 0.832 without optimisation of the erroneous parameter. The error on 
Piny was reduced from 1 mrad down to 0.018 mrad.
L5. S u m m a r_v
Measurement techniques are described for the calibration of the basic sub­
system components to precision levels which are compatible with the overall 
requirements for the instrument precision.
The calibration method for the photodetector involves producing known 
tracking offsets at the target while recording the photodetector outputs. The
target is mounted onto a dual axis linear stage driven by manually operated 
micrometers with a precision better than 10 jim. The geometry of the test rig is
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also modeled and calibrated to decouple the effect of misalignment between the 
target axes of motion and the detector axes.
The angular transducer of the scanner is calibrated using a T2000 Wild 
Heerbrugg electronic theodolite fitted with an autocollimation eyepiece and 
linked to an IBM-PC compatible microcomputer for automated data recording. 
The system has an accuracy better than 1 arcsec. The calibration set-up is 
modelled and calibrated to reduce the experimental set-up requirements. An 
added advantage of the method is that it also provides a complete set of wobble 
measurements.
The calibration of the basic system components is only required once. 
However for each new test site the relative position between the sub-systems 
must be estimated. This is done using an indirect technique which uses 
measurements made by the instrument itself. The measurements consists in a 
set of semi-random unknown target positions and measurements of two targets 
separated by a known distance and forming a scale reference bar. A least 
square estimation algorithm finds the best solution for the six parameters. The 
solution criteria asks for all the corresponding lines to cross at the target and 
for the reference length to be respected.
The reference scale bar is made of carbon fibre and is calibrated using a 
specially developed device to detect a specific point near the cat’s eye centre.
Finally it is necessary to refine the calibration method for the sub-system 
geometric models in order to avoid any further degradation of the 
measurement accuracy.
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6 USER ASPECTS A N D  I N S T R U M E N T  USE
6.1 Data Acquisition
Each sub-system produces data of a digital and analog nature. A  necessary 
requirement of the data acquisition process is that all data must be sampled and 
valid at the same instant for a given robot target position reading. This is due 
to the dynamic nature of the instrument and it applies whether the target is 
moving or not. The stability of the sampling rate is also vital to ensure that 
analyses of the target kinematics can be performed.
The control of the instrument is made via a mixture of direct user 
intervention and automatic computer controlled processes. Two levels of
automatic control are used. In the Markll system, the computer, an IBM-PC 
compatible Olivetti M28 is responsible for triggering the data acquisition and 
reading the data samples one by one. The stability of the sampling rate is vital 
to ensure that analyses of the target kinematics can be performed.
6*2 Synchronization_with the Robot Under Test
The testing of an industrial robot is a tedious process that requires many 
repetitions of a defined test in order to provide sufficient data for a reliable
estimate of the robot performance parameters to be derived. Such procedures 
can be greatly eased by providing a communication link between the 
instrument and the robot under test. The Markll instrument, like its original 
prototype from Gilby [75], has this capability with 8 bits in and 8 bits out 
external digital interface.
A  typical test could proceed as follows. Suppose that a test cycle consisting 
of five robot positions is to be repeated 30 times. Most robot controller software 
has the ability to issue a binary signal at some point in its operation sequence. 
The robot can issue a signal when a point is attained and the data acquisition 
triggered on that signal. At this point the robot may wait for a signal from the
instrument when the data have been stored thereby instructing the robot that
it may now go ahead and perform the next operation. Again the robot 
instructs the instrument when it it is ready and so on. It will be shown in a
following section how an ISO position repeatability and accuracy test was
performed using a similar procedure.
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6.3 System Op.era.ti.aa
On arrival at a test site a decision must be made on the location of the two 
laser tracking sub-system as well as the orientation of the target on the robot 
tool attachment flange.
The sub-system optics should be located in such a way that the two laser
beams cross nearly perpendicularly at the robot test envelop centroid for no 
deflection of the scanning mirrors. This ensures optimum triangulation 
sensitivity. The next parameter to adjust is the length of the baseline between 
the two sub-system. This should be approximately twice the width of the 
measurement envelop required. The aim is to just cover the required 
measurement range with the instrument attainable angular range.
Both sub-system electronics, lasers and microcomputers should be turned 
on at least 30 minutes before testing to allow the scanner to reach their
controlled temperature and for the laser beam pointing stability to reach a 
steady state condition. The last switch to be turned on must be that of' the 
scanner drivers and it should only be done after all other system elements are 
known to be operating correctly.
Prior to any test the site must be calibrated. This involves producing three
data files. One consists of a set of non-colinear points, generally in the form of
a dynamic test of 100 points taken at 60 msec sampling rate with the target 
covering most of the measurement volume. The two other files consists of 30 
measurements each of the two targets forming the reference scale bar. This 
bar is tripod mounted and should be located as centrally as possible to the 
measurement envelop.
6 A P ala Analxsis and tosciil.ali.Qii
Much work has been done during recent years by the International 
Standard Organization to develop a standard to describe the performance of an 
industrial robot. The ISO proposed standard represents a valuable contribution 
and its recommendations are being implemented as part of the laser tracking 
system capabilities. The standard does not however cover all possible aspects 
of the testing of a robot which can be of interest to users or manufacturers.
In this section some aspects of the data processing and test methodology are 
discussed.
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6.4.1 Static Points
Suppose that a robot's ability to adopt a desired position, r ,^ is to be tested. 
The static performance can be expressed in terms of positioning accuracy and 
repeatability.
A  typical static test consists of N r repeated attempts each defining an 
attained position Ri. In practice, N s samples will be taken by the instrument at 
a fast sampling rate for each attempt by the robot to attain the desired position
g_d. The attained position Ri is then calculated as the mean measured position
by the instrument. This procedure greatly enhances the measurement
repeatability by reducing the effect of noise on the system raw data.
From the test results two quantities are calculated. They are the mean 
attained position jLp and three times the cartesian standard deviation, R 3S, of
the repeated attempts around that mean position.
6-x
/ A  I  !ili(Pix-Pnx)2 A  /Xfc^PirPny)2 A  I  
&3S“ 3^ \  N r-1 N r-1 N r-1
:)2 6.2
Each component of p_3s represents the point dispersion with respect to each 
cartesian axis. It represents a measurement of the repeatability of the robot in 
each direction. Although this will not be studied here it must be mentioned 
that in three dimensional space the concept of variance mathematically 
extends to a matrix representation with the gaussian point spread represented 
by an ellipsoid. Useful information such as the major and minor axis 
directions and their lengths of that ellipsoid can be extracted from the matrix.
The positioning accuracy vector paCC can be evaluated as
Race = Ep ” ELd 6.3
A  scalar quantity can be obtained to characterize the positioning accuracy 
criteria simply by taking the norm of Race which represents the distance 
between the desired position and the mean attained position.
Reducing the performance criteria to a scalar quantity is advantageous in 
that it simplifies the comparison between various robot model tested. However 
it results in the loss of the important directional nature of the errors involved. 
The directional information can be useful to a robot user to make decisions
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regarding the use of the robot whereas the robot manufacturer needs it to 
identify more accurately the cause of these errors.
A  graphical representation has been developed for the quantities just
described. Figure 7.19 (in Chapter 7) shows the display for a typical point 
tested. One graph is required per point tested.
Each graph is an orthogonal projection of the results on the robot xy, yz 
and xz reference planes. The reference axis given are that of the robot base 
coordinate system so that the results can be interpreted in terms of the robot 
geometry. The circles are the projections of the sphere of radius equal to the 
ISO repeatability parameter. The rectangles are for the cartesian point spread 
vector p_3S. The graph centres represent the mean attained position. The 
desired position as well as the numerical values of the various test results 
parameters are included in the upper left quadrant.
6.4.2 Path Following
Path following characteristics are important in many robotic applications, 
for example sealant application and seam welding. A path has a spatial and a 
temporal dependence and as such will be defined as a vector function of time
P.ath(t), to < t < tf 6.4
A  path is uninterrupted but may have discontinuities such as sharp 
comers. The test will consists of programming the robot to follow a desired
path, path/frt). either off-line or in teach mode. For statistical purposes, N r
attempts are performed. Because of the sampled nature of the instrument data,
only discrete measurements of the robot position are made along the path.
These measurements are made at a specific sampling interval Ts, and in a pre­
defined number of samples N s. Each repeated attempt by the robot results in 
an N sx3 matrix of points [pathi] with i=l,Nr.
The results are analysed in terms of repeatability and accuracy. The first 
step in the data analysis is to calculate the mean path [pathjjJ,
[p a % ],=  [pathi] 6.5
A  repeatability path can be defined as the three standard deviation vectors
of the positions at each sampling time tj,
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[path3s] = 3
~ [pathu])2
N r-1 6.6
The accuracy matrix [pathacc] is defined as the difference between the 
desired path and the mean path,
The path test results can be displayed graphically in two ways. One is to 
produce three graphs, x versus time, y versus time and z versus time. Each 
graph showing [path<i],[path^ ] and [pathacc] as joined points and finally all N r 
[pathi] as isolated dots. A  second method of representation is to use time 
independent orthogonal projections on the xy, yz and xz planes. This second 
method offers some advantage when the time dependence of the trajectory is 
not as important as the spatial position of the robot.
Figure 7.20 and Figure 7.21 (both in Chapter 7) show the graphical 
representation of dynamic tests results.
6.4.3 Statistical Considerations
Analysis of the confidence on the statistical estimates of the population 
mean and standard deviation calculated from a finite number of sample avoids 
unrealistic expectations on the future behaviour of the robot. At the outset it 
must be said that it is assumed that the robot erroneous behaviour follows a 
normal distribution.
A  confidence range on the mean can be expressed as
p-t s(p) < p < p+t s(p) 6.8
where t is the statistical t test value which is a function of the sample 
population degrees of freedom, N r-1, and the significance level or probability 
of p. being within the confidence range. s(p) is the estimated standard 
deviation of the mean and is calculated as
For a sample population of N r and a significance level of 90% the 
confidence range on the mean is
[pathacc] = [patfy] - [pathd] 6.7
6.9
p - 0.3102 s < p < p + 0.3102 s 6.10
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A  confidence range can also be defined for the population variance a 2
(Nr-1)
2 6.11
2where % is the chi squared distribution value for a specific probability level
a. For example for N r of 30 and a probability l-2a of 90% to have cr2 within the 
confidence range, then
Using a larger number of samples will always improve the quality of the 
estimates. The ISO standard recommends that at least 30 repetitions be made. 
This is a good compromise between test time and results quality.
6.5 S u m m a r y
The instrument is operated from an IBM-PC compatible M28 Olivetti 
microcomputer. A  suite of routines written in C and Fortran77 are available to 
gather data, analyse it and display results in graphical format.
Setting the instrument on a new test site takes about 15 minutes followed by 
a period of 30 minutes warm-up after power-up. The calibration of the test site 
takes approximately 15 minutes. The actual tests can consists of either static or 
dynamic tests. The external digital input/output ports can be used to 
synchronise the instrument with the robot under test and automate lengthy 
test sequences. For example, the data for the ISO position repeatability and 
accuracy test involving 30 cycles of a 5 point sequence is acquired in 10 
minutes.
0.6814 s2 < a2 < 1.6377 s2 6.12
0.8255 s < a < 1.2797 s 6.13
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1 E X P E R I M E N T A L  CHARACTERISTICS OF T H E  MARKII SY S T E M
In this chapter are presented the results of tests on the laser tracking
system both at components level and as a complete instrument for establishing 
its measurement precision and dynamic capability.
The Markll instrument was tested in conjunction with the use of a cat's eye 
type target and 3 times beam expander. However the quadrant photodetector 
was also tested with the air path retroreflector using the 10 times beam 
expansion ratio originally used for the Markll development work. These latter 
results could be of interest for longer range use of the instrument.
1A___PfrQtQdetectpr
7.1.1 Quadrant Detector with an Air Path Retroreflector and 8. m m  
Beam
The quadrant photodetector was tested over a 2x2 m m  range of target 
motion with the tracking disabled so that known tracking errors could be
generated. For each position of the air path retroreflector 50 samples were 
collected at a sampling rate of 100 Hz and the data averaged. The beam was a 0.8 
m m  beam expanded 10 times.
The data were processed as described in Chapter 5. Figure 7.1 and 7.2 shows 
both the actual and calculated positions of the target on the x-y linear 
translation stage. Figure 7.1 is for a linear response model for the detector 
whereas Figure 7.2 corresponds to a cubic model.
The gain for the linear model is
r = 3.432x10-3 7.1
and the cubic model coefficient are
r  =  2 .9 78x10-3  ^  +  1 .301x10-3 (enX3,en y 3) 7.2
The cubic model residual errors are between -0.12 and +0.05 mm.
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Fig. 7
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.1 Residual errors for a linear model of the quadrant detector response 
for a 0.8 mm diameter beam expanded 10 times used in conjunction 
with an air path retroreflector.
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Fig. 7.2 Residual errors for a cubic model of the quadrant detector response 
for a 0.8 mm diameter beam expanded 10 times used in conjunction 
with an air path retroreflector.
7.1.2 Quadrant Detector, Cat's eye and Small Beam
After changing the beam expansion ratio to 3 times, the quadrant detector 
was calibrated for use with the glass cat’s eye. The tests were performed at
various distance away from the sub-system to test the effect of beam 
divergence and spherical aberration in the target. The use of a 3x0.8 m m  beam 
diameter resulted in a larger divergence angles. Distances of 1.5, 2.0, 2.5, 3.0,
3.5 and 4.0 metres were used. Single axis rather then dual axis tests were 
carried out since this was sufficient to assess the effect of off-distance. A total
Ph.D. 1988 J.R.R. MAYER 123
target movement varying between +/-0.4 m m  to +/- 0.6 m m  depending on the 
target distance was used to keep the detector out of saturation. Saturation 
occurs when the detector output is either insensitive to any further increase 
in tracking error or gives the wrong direction of movement. For example, the 
detector sensitivity to spot motion goes to zero when the laser spot is totally 
contained on one quadrant of the detector while strong beam divergence due 
to the effect of spherical aberration from the target can result in much of the 
retroreflected light moving in the wrong direction at the detector surface.
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Fig. 7.3 Effect of target off distance away from the sub-system on the 
normalized quadrant detector response against the movement of the 
cat's eye for a 0.8 mm diameter beam expanded 3 times.
The effect of off-distance is shown in Figure 7.3 where the non- 
dimensional detector reading is plotted against the target position. The use of a 
different set of detector cubic model parameters at the different distances
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tested resulted in an accuracy better then 50 p m  on the tracking error. The 
various parameters are given in Table 7.1.
The increase in the linear parameter ai means that the same shift in light 
intensity from one side of the detector to the other is caused by an ever 
increasing amount of tracking error at the target. This phenomenon occurs 
when the beam size at the detector increases. This is in agreement with the 
fact that the beam waist is located at around 3 metres away from the sub-system 
and so the beam diameter will increase after the beam has traveled more then 
3 metres in total before it reaches the detector. The 2nd order term are small 
confirming the odd nature of the response function. As a result of the 
dependence on the target off-distance , the calculation of the target position is 
best done in two steps using an iterative process. The target coordinates are 
first calculated using a nominal set of response coefficients to provide an 
estimate of the target off-distances. Better coefficients are then selected and 
the coordinates recalculated.
Table 7.1 Parameters for the tracking error cubic 
model for six different distances of the 
target from the sub-system.
Distance (metre) ai(mm) a2(mm) a3(mm)
1.5 0.10579 0.022469 0.29061
2.0 0.17042 -0.012572 0.19941
2.5 0.21421 -0.009621 0.26334
3.0 0.28187 -0.011626 0.30328
3.5 0.34462 0.015421 0.37894
4.0 0.37737 0.032063 0.43621
Overall 0.34139 -0.020398 0.18454
A  general model was obtained using all data to calculate an overall best 
single set of parameters. The parameters are also shown in Table 7.1. The 
residual errors are within +/- 0.2 mm.
7.2 Scanner: Dynamic and Static EerfQripan.ce
The scanners are responsible for the dynamics of the tracking and for 
much of the measurement precision. As a result, their dynamic characteristics 
as well as the precision of their angular rotation and of their position 
transducers were studied.
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7.2.1 Dynamic Performance
The dynamic performance of the scanner was determined using a 
frequency response test displayed in the form of Bode diagrams. The responses 
were also analysed by numerically fitting a theoretical model to the 
experimental points using the Zaman-Levy method [75, 87].
The scanner was tested both with and without the state-space controller 
using both a small and large scanning mirror. The scanner was also tested on 
its own without any mirror or state space controller. The purpose was to 
identify the scanner itself as well as the effect of adding various inertia with 
and without state-space compensation. The state-space compensation was 
described by Gilby [75],
The results without state-space compensation are shown in Figure 7.4 as 
gain and phase Bode diagrams. Symbols are used for the experimental points 
and the continuous lines are for the theoretical models fitted to the results 
using the Zaman-Levy method. It can be observed that the added inertia of the 
mirror results in a lower resonance frequency. In all three cases there is a 
low frequency reduction in amplitude attributed to the drive coil inductance 
and resistance producing a slow first order pole. Figure 7.5 shows the 
beneficial effect on the response as a result of state-space compensation in the
case of the small mirror. Figure 7.6 shows the response for the large mirror in
three cases, without state-space compensation, with a state-space controller 
adjusted as for the small mirror and finally with the controller specifically 
adjusted for use with the large mirror. In both mirror cases, the slow pole is 
eliminated thus extending the system bandwidth. Also the resonance peak is 
flattened resulting in less overshoot. Figure 7.6 shows the importance of 
correct tuning of the controller.
Table 7.2 gives the dynamic parameters of the various configuration tested.
These roots were calculated from the characteristics equation given by the 
Zaman-Levy method.
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Table 7.2 Dynamic parameters of the scanner for different mirror 
sizes and with and without state-space compensation.
Test conditions Poles fn c fd X
r  1 r2>r3 (Hz) (Hz) (msec)
Without state-space
-no mirror -65 -127+/- 1133j 181 0 . 1 1 180 15
-small mirror -76 -104+/- 71 lj 114 0.14 113 13
-large mirror -74 -96 +/- 524j 85 0.18 83 14
With state-space
-small mirror 39091.8 -468 +/-528j 112 .66 74 0
(2nd order fit) -543 +/-539j 122 .71 86 -
-large mirror -431 -598 +/- 533j 127 0.75 85 2
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Frequency -  log (Hz)
Fig. 7.4 Gain and phase Bode diagram for the General Scanning Inc. scanner 
G328DT.
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Frequency -  Hertz
Fig. 7.5 Gain Bode diagram showing the improvement in dynamic 
performance as a result of state-space compensation.
Frequency -  log (Hz)
Fig. 7.6 Gain Bode diagram showing the importance of precise tuning of the 
state-space compensation in the case of a larger scanning mirror.
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7.2.2 Static Performance
The static performance characteristics are given in terms of wobble, 
repeatability, accuracy and signal to noise ratio.
The wobble is due to a rotation of the scanning mirror around an axis 
parallel to the mirror surface and perpendicular to the scanner axis of
rotation. The wobble cannot be compensated for in the data processing unless
it is repeatable with scan angle. The accuracy of measurement of the on-axis 
mirror rotation is defined as the departure from a linear model for the 
response. However for the purpose of obtaining a high degree of accuracy 
when calculating the position of the target, the nature of the inaccuracy was 
studied for possible software compensation. The repeatability and signal to 
noise ratio remain a hindrance to measurement precision since these faults
cannot be compensated for.
All tests were carried out with the scanner body temperature regulated.
A  typical set of results, as obtained for the scanner serial number 126620 
are shown in Figures 7.7, 7.8, 7.9 and 7.10. The test consisted of a whole scan 
cycle, back and forth, of 26.46 degrees made of 25 points equally spaced.
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Mirror r o ta t io n  ~ radian
Fig. 7.7 Wobble against scan angle for the GS328DT scanner serial no.126620.
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M ir ro r  r o ta t io n  -  ra d ia n
Fig. 7.8 Non-linearity against scan angle for the GS328DT scanner 
no.126620.
serial
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M ir ro r  r o ta t io n  -  ra d ia n
Fig. 7.9 Residual errors from a third order fit against scan angle for the 
GS328DT scanner serial no.126620.
The wobble, as shown in Figure 7.7, is between +/- 1 arcsec and is 
repeatable. The scanner accuracy is represented in Figure 7.8 which shows 
the departure of the transducer response from a straight line with respect to 
the mirror on-axis rotation. The response gain is 0.93538x10-5 rad/ADC unit 
and the accuracy 0.05%. The accuracy is defined as the ratio of the maximum 
residual error to the total scan angle. Although the inaccuracies are large, 
this does not necessarily degrade the final measurement accuracy provided 
that appropriate compensation is made in the software. For that purpose 
higher order polynomials were fitted to the data. A  third order polynomial was 
found to give excellent compensation and the residuals are shown in Figure 
7.9. The residual errors for this 3rd order fit can be as large as +10.8 and -16.4 
arcsec but for 75% of the scan range they are within +10.2 and -5.5 arcsec. The 
amount of non-repeatability is well illustrated by plotting the residual to a
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10th order polynomial fit to the data as is shown in Figure 7.10 where the 
residuals can be found to be within +7.6 and -8.3 arcsec.
M ir ro r  r o tu t io n  -  ra d ia n
Fig. 7.10 Non-repeatability against scan angle for the GS328DT scanner serial 
no.126620.
The signal to noise ratio is yet another contributor to the degradation of 
repeatability. The current S/N is approximately 1.5 arcsec in terms of one 
standard deviation and +/- 4 arcsec peak values.
In view of the required measurement precision for the instrument, the 
effect of scanner error on this precision and the results just described, the 
following conclusion can be drawn. The instrument software must compensate 
for the non-linearity of the scanners otherwise a measurement inaccuracy of 
1.86 m m  will result. Regarding the non-repeatability and S/N, a measurement 
non-repeatability of up to 0.5 m m  may occur. In the case of a stationary target, 
as is the case for robot static performance testing, and in view of the residual 
hunting of the target by the scanners, it is possible to greatly reduce the level
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of non-repeatability by taking more than on reading and averaging the 
results.
7.3 Coordinate M easurements and Oilier Chara.c.t.eristies
7.3.1 Tests Conditions and Rig
The laser tracking system was tested as a complete instrument in terms of 
the precision of the measured target coordinates against a reference test rig. 
The test rig consists of a 1 metre length precision slide to which the target can 
be attached. The slide is driven using a D C  motor and the position of the slide 
along its straight path is monitored using a linear optical encoder with an 
accuracy of 0.020 mm. The linearity of the line of motion is within +/- 0.1 m m  
as measured using an autocollimation method.
The laser tracking instrument has the necessary electronics to process the 
encoder signals and sample the position readout as part of its data. The static 
test consists of taking multiple measurements of a static target at several 
positions along the slideway. This test provides useful information about the 
repeatability and accuracy of the coordinate measurements.
7.3.2 Data Processing of the Test Results
For each static point measured and each sample taken, the target 
coordinates are calculated. The mean coordinates is then evaluated
J _ V 30 7 aE g - Ns ,Zrfi=lE-i 7-3
A  repeatability criteria can then be calculated. For each axis, x, y and z, the 
standard deviation vector s. of the point spread around the mean is evaluated as
£ = ^(&x-E|ix)2 h I A  rS*l(Riz'^z)k V  N s-1 ’ \  N s-1 ’ \  N s-1 7.4
The norm of s_» I S_ l» represents the radius of the sphere containing the 
points which are less then one standard deviation away from the mean point.
A  more stringent ^ repeatability criteria is defined as the size of the cube 
that contains all experimental points and called rep. The norm of rep. I rep I, 
represents the radius of the smallest sphere containing all the points.
The accuracy parameters are determined using the mean coordinates for 
each static position along the slideway and comparing these with information
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on the target motion from the test rig. One source of this information is the 
linear optical encoder which monitors the displacement along the rig and 
provides a check on any scale error in the measurements. Another reference 
is given by the fact that the target moves along a near straight line (tested 
using an autocollimator to +/- 100 pm), thus providing a check on the
distortion of the measurements. Finally the target positions as given by the 
slideway can be fitted to the laser tracking measurement in a least square 
fashion to provide a complete set of coordinate errors along the test path. The 
worst s. was (0.081, 0.113, 0.046) in m m  while the worst rep was (0.588, 0.290, 
0.194) in mm.
Figure 7.11 shows the scale error while Figure 7.12 shows the geometric 
distortion error which has been defined as the deviation from the straight line 
of motion. Figure 7.13 shows the coordinate errors for x, y and z.
Target position from linear encoder - metre
Fig. 7.11 Static measurement scale error from the laser tracking coordinate 
measurements.
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Target position from linear encoder - metre
Fig. 7.12 Static measurement geometric distortion error from the laser 
tracking coordinate measurements.
Fig. 7.13 Static measurement cartesian error from the laser tracking 
coordinate measurements as compared to the test. rig.
The same raw data was later reprocessed using a look-up table method for 
the processing of the scanner raw data and also after having re-measured 
more precisely the on-axis mirror offsets Pinx>Plny*p2nx and P2n y  The results 
are shown in Figure 7.14 to 7.16. The accuracy of measurement is enhanced by 
a factor of approximately 1.4 and the worse measurement accuracy error is 
0.266 mm.
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Fig. 7.14 Static measurement scale error from the laser tracking coordinate 
measurements with improved data processing.
Target position from linear encoder - metre
Fig. 7.15 Static measurement geometric distortion error from the laser 
tracking coordinate measurements with improved data processing.
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Target position from linear encoder - metre
Fig. 7 .16  Static measurement cartesian error from  the laser tracking 
coordinate measurements as compared to the test rig with improved 
data processing.
An indication of the coordinate measurement static repeatability for the 
measurement of a static target was obtained by taking 30 measurements of a
static target. For each measurement 30 samples were taken at a sampling rate
of 10 msec. The static repeatability assumes that the target is static so that data
can be taken over a period of 0.3 seconds and the measurements averaged to 
reduce the effects of system noise. Figure 7.17 shows the results for the static 
repeatability. The spread of the measurements for a single set of 30 samples is
shown in Figure 7.18. The spread is about 25 pm for one standard deviation.
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Fig. 7 .1 7  Results o f a static repeatability test.
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F ig . 7 .18  Spread o f the 30 samples at 100 Hz taken for a static target.
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7.3.3 Other Tests
An important characteristics of the overall instrument is its attainable
measurement volume. Such volume is a function of three factors. They are 
the scanning range, the relative location of the two sub-systems and finally
the distance over which tracking can be maintained.
The scanning range for the scanners presently used is +/- 12.5 degrees
mechanical or +/- 25 degrees optical. Larger scan angles could be obtained 
using different scanner units.
The relative position between the two sub-systems is largely determined by
the requirement of good triangulation sensitivity. This was illustrated in 
Chapter 4 when the measurement error sensitivity to the position of the target 
was demonstrated. Good performance is obtained with the two sub-system
nominally at 90 degrees to each other.
The tracking range defines the size of the baseline length that can be used. 
In general the baseline length is kept to a minimum in order to improve the 
precision of measurement. There are lower and upper limits on the baseline
length which are determined by the tracking range. A simple tracking test 
involving manually holding and spinning the target while walking away from
the sub-system have revealed that tracking could not be maintained further 
than 5 metres away from the sub-system. Also although tracking can be
maintained as close as a few centimetres away, only low target speed can be 
tolerated below a distance of 0.5 metre. The tracking performance is
dependent to a large extend on the dynamics of the state-space
controller/scanner combination but also on the settings of a PID controller. 
These settings are a compromise between tracking speed, tracking error 
stability and good target recapture. While testing for tracking range the 
tracking errors from the photodetector were constantly monitored to verify 
that the detector did not saturate. The saturation of the quadrant detector,
which takes place when the retroreflected spot does not cover all four 
quadrants, prevents the correct calculation of the amount of tracking error at 
the target level. Problems of saturation were found to take place. In the first 
instance it was found that the state observer of the state-space controller was 
very sensitive to the noise level of the scanner position signal. This effect was 
reduced by fitting the controller with differential inputs. Another 
contributor to the tracking instability was electrical disturbances during data 
acquisition. The exact source of the problem was not found but the amplitude 
of the problem was reduced by re-adjusting the PID controller in order to
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reduce the overall tracking gain which has a stabilising effects on the 
response although it slows the system down.
The tracking errors characteristics such as their sizes did not appear to
vary while tracking at longer distances. This was unexpected since as the
target moves away an effective increase in the feedback gain takes place due 
to the angular motion of the scanned beam being transformed into a linear 
tracking error at the target. The stability of the tracking errors is explained 
by the reduction in gain taking place at the photodetector with target off
distance, as shown in Table 7.1.
The tracking velocity was estimated in two ways. A qualitative indication of
the dynamic capabilities of the system was obtained by tracking the Adept-One
industrial robot at 100% of its recommended operation speed. A brief 
description of the robot is given in the next section. A quantitative tracking
velocity was obtained by mounting the target to a specially made rig that can 
rotate the target on a 0.5 metre radius circular trajectory. A maximum speed of 
approximately 3 m/s was recorded.
7.4 ,, R obot Testing.
An Adept-One industrial robot was tested for ISO position repeatability and
accuracy. This robot uses direct drives and has a SCARA type structural 
configuration. The manufacturer quotes a radial reach of 0.8 m, a maximum 
speed of 9 m/s, a positional repeatability of +/- 0.051 mm and an explicit 
programming accuracy of +/- 0.127 mm.[88] The tests consists of five points 
which the robot is explicitly programmed to perform. 30 cycles are executed 
and the robot position is taken at each point. The target was the glass cat's eye 
and the data processing used look-up tables for the scanners but no range 
compensation for the photodetector. The baseline length was 2.08 metres and 
the sub-systems were oriented at 82 degrees to each other.
Figure 7.19 shows the results graphically for the point which was found to
have the worst accuracy.
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F ig . 7.1 9  Graphical representation o f  the results o f  a static position test.
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The accuracy and repeatability obtained are of the same order of magnitude 
as those quoted by the manufacturer. It is however difficult to assess how 
much error is contributed by the robot and by the instrument itself. This is 
because their values are close to those for the instrument itself.
Although the Adept is a high precision machine, there clearly is a need to 
improve the precision of the instrument for the testing of these quantities.
The robot was also tested for cornering overshoot. The results for the robot 
programmed to move at 100% of its recommended operation speed are 
represented graphically on Figure 7.20 and 7.21. 1200 samples were collected
at a sampling rate of 200 Hz.
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F i g .7 .2 0  Graphical representation o f the results o f a dynamic test as a 
function o f time.
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F i g .7 .21  Graphical representation o f the results o f  a dynamic test projected  
onto the robot x-y, y-z and x-z planes.
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The dynamic tests revealed the presence of noise on the measurements 
which can be seen as sharp discontinuities in Fig. 7.21. This was found to be 
caused by one of the scanners being slightly unstable during data acquisition. 
This produced large tracking errors which causes the saturation of the 
photodetector.
7.5 Summary
The instrument is evaluated at component level and as a complete system
The use of a 3x laser beam expander instead of the lOx unit previously used 
leads to a stronger beam divergence which produces an increase on the 
response gain of the quadrant photodetector. As a result, the steady-state 
feedback gain of the tracking loop has to be reduced. A positive outcome of the 
strong beam divergence is the effective reduction in the detector gain with 
the increase in the distance between the sub-system and the target once the
focus distance has been exceeded. This effect partially compensates for the 
increase in tracking gain due to the increase in the optical 'lever arm' effect
with target off-distance. This is due to the angular movement of the scanners
being transformed into a linear tracking error at the target and being 
proportional to the target off-distance. A disadvantage of the variation in 
detector gain is that it also affects the calculation of the tracking errors. As a 
result the software responsible for the calculation of the target coordinates 
should ideally use an iterative process whereby a crude estimate of the target
position is first obtained to determine the best setting of detector gain to be 
used followed by a recalculation of the target coordinates.
The scanner dynamics is strongly influenced by the mirror size used which 
should be kept as small as possible. However the response is dominated by a
slow real pole which originates from the scanner drive coil inductance and 
resistance. A state-space controller, first developed by Gilby [75], is used to 
replace the slow pole by a much faster one as well as increase the damping 
factor of the two complex poles. The result is a faster response with less
overshoot. However, a characteristic of the controller is its sensitivity to 
electrical noise particularly from the state position feedback. Also at data
acquisition time much instability occurs in the tracking performance. Most of 
these limitations have been corrected by the use of differential signals,
although some perturbations are still occurring during data acquisition 
particularly for fast target speeds.
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The measurement precision of the complete instrument is influenced by 
the scanner wobble and by the characteristics of the angular position 
transducer. The wobble is relatively small, within +/- 1 arcsec, but the angle 
detection suffers from hysteresis which can be as large as 16 arcsec. The non- 
linearity of the transducer is of the order of 45 arcsec but this is compensated 
in the data processing by the use of a look-up table which uses both the 
clockwise and counterclockwise calibration results.
The overall measurement precision is obtained by calibration using a 
linear displacement rig to which a target is attached. The maximum straight 
line coordinate inaccuracy of the instrument is 0.266 m m  (non-repeatability 
not included) over a movement of 880 mm. The repeatability of coordinate 
measurement for single readings is approximately 0.1 m m  (one standard 
deviation). For stationary targets the repeatability is improved to 25 pm for 
one standard deviation when 30 samples are taken and their coordinates 
averaged for each measurement. Tests on an Adept-One industrial robot reveal 
that the measurement precision needs be improved since the robot has 
comparable characteristics to the instrument itself.
Improvements to the measurement accuracy are likely through the 
development of a better calibration of the sub-system geometric models. 
However, improvements to the repeatability will require fundamental changes 
to the electronics and hardware to improve the scanning mirror angular 
position measurement.
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8 ASSESSMENT OF LASER BEAM PROCESSING OPTICS
In order to evaluate the effect of the processing optics on measurement 
precision and laser light efficiency, it was found necessary to investigate the
optics both theoretically and experimentally with a view to improving the
original design.
Mathematical models, based on the use of Jones calculus, were developed to 
analyse the present Markll optics as well as three alternative designs. The 
models were used to predict the light intensity levels at various points in the
system. The theoretical findings are complemented by experimental 
verification.
This investigation also covers the behaviour of the air path retroreflector 
since it was found that serious depolarization effects were produced that could 
be incompatible with overall measurement precision.
8.1 Introduction to the. Modelling .Method Tongs Calf Him S
A detailed treatment of the use of Jones calculus can be found in Azzam [89] 
and also in Gerrard [81]. Only a brief description will be given here.
Jones calculus is used to analyse the change in the state of polarization of a 
laser beam as it interacts with an optical component. The state of polarization
of a polarized laser beam can be represented by a Jones vector £ made of two
complex elements or phasors. The vector is defined with respect to an x-y
reference frame with z indicating the direction of beam propagation. Each 
element gives the amplitude and phase of the electrical field of the
electromagnetic wave along the particular frame axis. A general Jones vector
is
where £* is the vector complex conjugate.
The effect of an optical system on vector £ can be represented by a 2x2 
complex matrix j
8.1
The light intensity, T, is readily given by the dot product
T = £*£ 8.2
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Xii+jYn Xi2+jYi2
LX2l+jY2l X22+jY22J 8.3
or,
(Xn.Yn) (Xi2,Yi2) 
L(X21.Y2i) (X22,Y22) 8.4
The Jones matrix is in general dependant on the orientation of the optical 
device around the z-axis. The Jones matrices of the most commonly used 
components can be found in the literature [81]. These matrices are usually 
given for a pre-set orientation of the device. When a device is used at a 
different angle, its Jones matrix must be pre- and post-multiplied by a rotation 
matrix He
He = cos 0 sin 0 _ -sin 0 cos 0 8.5
where 0 is positive counterclockwise looking against the direction of the beam 
propagation.
8.1.1 Jones Matrix of Selected Components
Some Jones matrices will now be described which are used in the models to 
follow.
Quarter wave retarder plate 
Jqwp =
(1,0) (0,0)
L (0,0) (0,1) J 8.6
Matrix Jqwp is defined with the fast axis of the retarder plate parallel to the 
x-axis.
Ideal mirror
8.7
where rp and rs are the Fresnel complex-amplitude reflection coefficients 
for the p and s state of polarization respectively. The p state of polarization is 
parallel to the plane of incidence and the s state of polarization is normal to it.
' fp (0,0) ■ ' (1,0) (0,0) ■
Jim = - (0,0) rs .— - (0,0) (-1,0) .
PhD. 1988 J.R.R. MAYER 153
Chapter 8 Assessment of Laser Beam Processing Optics
Polarizing beamsplitter - transmission
rfa X} /-N o o
1
" (1.0) (0,0) '
3pbst - - (0,0) ts .
—
- (0,0) (0,0) .
This is a slightly idealized matrix since, as was verified experimentally, tp is 
around (0.97,0). All four external optical surfaces are anti-reflection coated 
and the reflectivity, Rm G [90] is approximately 0.25% at 632.8 nm.
Polarizing beamsplitter - reflection
r rP (o.o) i ' (0,0) (0,0) "
[Jpbsr — i /—\ o 0 05 1
-
- (0,0) (-1.0) .
Here again, the real device does not have a 100% efficiency and the 
experimental value for rs is (0.98,0).
All dielectric beamsplitter - transmission
" tp (0,0) " " (0.73,0) (0,0)
jebst — = (0.61,0) .- (0,0) ts . - (0,0)
This device has a low absorption but it is very polarization sensitive. The 
ratio of intensity transmission between the p and s components is 1.43
according to experimental tests. All four external optical surfaces are anti­
reflection coated (magnesium fluoride) and the reflectivity, Rm f is
approximately 1.55 % at 632.8 nm.
All dielectric beamsplitter - reflection
r—f ft o o ‘ (0.59,0) (0,0)
jebsr — =- (0,0) ts . . (0,0) (-0.73,0) .
Here too, a strong sensitivity to the polarization of the light beam is 
exhibited. In this case more s component is reflected then p in the ratio 1.53, 
as verified experimentally.
Aluminium evaporated mirror
Theoretical values can be calculated for the Fresnel complex-amplitude 
reflection coefficients, rp and rs, in the case of both uncoated and SiC>2 
protected aluminized mirrors.
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The reflection coefficients for an unprotected aluminized mirror are 
relatively simple to evaluate as the system corresponds to a case of reflection at
a planar interface between two isotropic media [89]. The equations for rp and
rs are functions of the incidence angle <|> and the coating metal refractive
index, Nai, which was found [91] to be , at a light wavelength of 632.8 nm,
N ai = 1.21 - j6.92 8.12
The mirrors currently used all have a protective overcoat of silicon dioxide.
While it is possible to calculate theoretical values for the Fresnel reflection 
coefficients for such a case, this calculation requires the knowledge of the
overcoat material refractive index as well as its thickness. These figures
proved impossible to obtain due to conflicting values given by the various 
suppliers consulted. Also the results of tests made on two mirrors, from the
same supplier ( General Scanning Inc.) showed considerable discrepancies.
An uncoated model was therefore used for simplicity.
8.1.2 The Dual Axis Scanning Unit
This section introduces a model for the scanning unit. This model will be
used as a building block for all optical sub-system Jones models. It provides
values for the incidence angles <|>y and <j>x  at scanners y and x respectively and 
also gives the necessary Jones rotation angles 0jy and 8jx. Figure 8.1 illustrates 
these dimensions for general scan angles.
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To the target
and s
F ig . 8.1 Angle o f incidence and rotation of the beam at the two scanning 
mirrors for the purpose o f Jones calculus modelling.
The angle of incidence for the first reflection, <j>y, is directly equal to the 
scan angle 0y. However, the second reflection angle <J>X is a function of both 0y 
and 0X.
<J>y = 0y 8.13
<|>x = arcos (cos 2(0y-45) cos (0X)) 8.14
where both 0y and 0X are measured from the horizontal plane x-y.
With regards to the Jones rotation matrices, the purpose is to transform the 
incident laser beam Jones axes in order to align its x and y components with 
the p and s directions of the mirror.
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No transformation is required at the first reflection because of the 
orientation of the laser head. The rotation angle for the reflection at the 
second mirror is
tg 9jx = sin 2g(9yX-45) 8-15
Five combinations of scan angles are used for the analysis of the different 
optical configurations proposed. These combinations represents the extreme 
cases and the nominal case. Table 8.1 gives the scan angles and the respective 
Jones matrix sequences.
T able 8.1 Jones matrix sequences fo r  the dual axis scanning 
unit for  five scan angle combinations.
0y ex sequence on exit sequence on entry
45.0 45.0 3 al,45 ft (90) ]al,45 3 al,45 ft (90) 3al,45
32.5 32.5 3 al,40.15 ft(-56.44) jal,32.5 3al,32.5 &(-56.44) 3al,40.15
32.5 57.5 3 al,60.86 ft (-74.93) 3al,32.5 3 al,32.5 ft(-74.93) 3al,60.86
57.5 32.5 Jal,40.15 ft (56.44) 3al,57.5 3al,57.5 ft(56.44) 3al,40.15
57.5 57.5 3 al,60.86 ft (74.93) 3al,57.5 3 al,57.5 ft(74.93) 3 al,60.86
8.2 A study of Desirable and Un d es i lia ble Attributes of the Beam
Processing Qp-tks.
The function of the beam processing optics is to produce an intense, stable,
circular and clean retroreflected laser spot at the detector surface for the 
purpose of estimating the amount of tracking error at the target.
The intensity of the laser spot at the detector is important in providing a
high signal to noise ratio from the detector and its amplifier. Of course, the
detector must not be saturated from a too intense laser spot. For a particular
light intensity at the detector, an efficient optics that transmits a high 
proportion of the original laser head output is advantageous since it allows a
reduction in the laser head power and also a reduction of its size.
The stability of the spot depends on the absolute intensity and also the
intensity distribution of the beam. The absolute beam intensity will vary 
mainly because of the variation in scanning mirror reflectance at different
scan angles. The possible depolarisation of the beam from the scanning
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mirrors and the resulting effect on the interaction of the beam with other 
optical components can also affect the beam intensity at the detector. Another 
possible contributor to beam intensity instability is laser feedback [90]. The 
amount of degradation produced depends on the intensity of the light re­
entering the laser cavity and having the same state of polarisation as the laser 
head itself since the cavity will only amplify this particular state of 
polarisation.
Finally and most importantly, a unique spot must be present at the detector. 
Not only are unwanted moving spots to be eliminated but also stationary ones
since they can lead to interference effects with the desired spot. There are two 
main sources of such stray light. One source of stray light is ghost beams that 
are produced by reflections at air-glass interfaces and the other source is 
called external resonator effect due to the retroreflected beam tracing its way 
back to the laser head output mirror where it is then reflected back as a 
secondary output beam. Ghost beams are produced at every air-glass interface.
In general they can be prevented from reaching the detector surface by 
carefully introducing misalignment of the optical components involved. The 
production of ghost beams by the beamsplitter alone will be studied in the
analysis. Because of tracking errors the secondary beam does not simply
reinforce the original beam since it is not perfectly on-axis. It is a potential 
source of error at the detector.
Five light intensity levels will be studied:
Td : Light intensity of the desired retroreflected beam at the detector.
Tgr: Light intensity of a ghost beam produced at the beamsplitter and
reaching the detector due to a reflection then transmission at the
beamsplitter splitting surface.
Tgt: Light intensity of a ghost beam produced at the beamsplitter and
reaching the detector due to a transmission then reflection at the
beamsplitter splitting surface.
Tufd : Light intensity of the unwanted feedback to the laser head output 
mirror having the same state of polarisation as the laser head original 
output.
Text : Light intensity of the secondary beam due to the external resonator 
effect.
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8.3 Jones Modelling of the Markll Qpjifial S.ufr-Systm
The Jones model of the Markll optical sub-system is shown in Figure 8.2. 
The main differences with the real optics are the use of non-protected 
aluminium evaporated scanning mirrors and the replacement of the target by 
an ideal mirror. Notice that the laser line filter is not considered because it is 
not polarisation sensitive.
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The following equations are derived for the light intensity of interest 
described in the preceding discussion.
£d - 3ebsr jal,^>y &(0jx) 3al,<|>x 3im 3al,<S>x ^-(0jx) 3al,<j)y jebst &(-45) 3qwp R-(45)
8.16
Lext - &(45) 3qwp &(-45) 3ebst 3al,(|>y &(0jx) Ual,^>x 3im 3al,<J)x R(0jx) 5al,<>y 3ebst
£ ufb is equivalent to the x component of £ ext which is parallel to the laser 
output state of polarisation.
In all cases £ 0 is the laser output beam which is of intensity unity and 
linearly polarised along the Jones frame x-axis.
8.4 Theoretical Models of Three Alternative Optical Designs
8.4.1 Re-arranged Markll Optics
The Markll optics can be improved through a simple change that consists 
of locating its quarter wave plate after rather than before the beamsplitter. 
Figure 8.3 illustrates the new arrangement.
£gr - Rmf Jebst Jim 3 ebsr &(-45) Jqwp &(45) £ 0 8.17
£gt - Rmf J ebsr 3im 3 ebst &(-45) 3 qwp &(45) £o 8.18
&(-45) 3qwp &(45) £ 0 8.19
8.20
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Photodetector
F i g . 8 . 3  Schematic diagram o f a re-arranged Markll optics.
This new design instead of suffering from the polarisation sensitivity of 
the beamsplitter exploits it. The beamsplitter transmits more of the p-type 
state of polarisation and reflects more of the s-type. As a result, it distorts the 
state of polarisation of both the transmitted and reflected beam. When a 
circularly polarised beam is produced before the beamsplitter, as is the case 
with the Markll optics, the beamsplitter polarisation sensitivity degrades this 
state. The consequences are that the efficiency of the optical isolator is 
reduced and also the beamsplitter is presented with as much p-type as s-type. 
By locating the isolator plate after the beamsplitter, the latter now transmits a 
higher proportion of the original laser head output beam which is suitably 
orientated to feed the beamsplitter with p-type light. On return from the 
target, the retroreflected beam is turned into an s-type beam which is then 
efficiently reflected by the beamsplitter towards the photodetector. The 
efficiency of this modification is dependent on the behaviour of the scanning 
mirror which will also degrade the state of polarisation of the beam.
The following Jones matrix sequences are used to calculated the relevant 
light electric field complex amplitudes.
£d = Jebsr H(45) Jqwp &(-45) Jal.^ y R(0jx) Jal,<j)x Jim Jal,<j)x &(0jx) Jal,<])y &(-45)
Jqwp H(45) Jebst 8.21
Egr = Rmf Jebst Jim Jebsr £o 8.22
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£gt - Rmf 3ebsr 3im 3ebst £o 8.23
£ext = 3ebst ft(45) 3qwp ft(-45) Ual,4»y ft(0jx) 3al,t})x [Jim [Jal,$x ft(0jx) 3al,$y ft(-45)
3qwp ft(45) 3ebst 8.24
8.4.2 Polarising Beamsplitter with a Single Quarter Wave Retarder
The rearranged Markll optics illustrated the advantage of having a 
polarisation sensitive beamsplitter. This method can be taken a step further 
by using a polarising beamsplitter. Such a device exists as a commercial
product. It is highly selective and only transmits the p-state of polarisation
and reflects the s-state.
The Jones matrix sequences for this case are,
£d = [Jpbsr ft(45) [Jqwp ft(-45) [Jal,<j>y ft(0jx) 3al,<S)x [Jim [Jal,<j>x ft(0jx) [Jalfry ft(-45)
[Jqwp ft(45) [Jpbst £o 8.25
£gr = Rm G [Jpbst [Jim [Jpbsr £o 8.26
£gt= RMG [Jpbsr [Jim [Jpbst £o 8.27
£ext = [Jpbst ft(45) [Jqwp ft(-45) 3al,«J)y ft(0jx) [Jal,<!>x [Jim [Jal,<{>x ft(0jx) [Jal,<i>y ft(-45)
[Jqwp ft(45) [Jpbst fto 8.28
8.4.3 Polarising Beamsplitter with Two Quarter Wave Retarder
None of the designs so far considered attempts to directly eliminate the
external resonator effect. However it is possible to completely eliminate this 
effect by using a second optical isolator working in the opposite direction to
the first one so as to form a bidirectional optical isolator. Figure 8.4 illustrates
the Jones model.
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Photodetector
F i g ,  8 . 4  Jones model fo r  a sub-system optics based on the use o f a 
polarising beamsplitter and two quarter wave retarder plates.
The quarter wave plate following the polarising beamsplitter performs the 
optical isolation of the laser head whereas the first quarter wave plate, closest 
to the laser head, plays its main role on the retroreflected beam returning
from the target. Because of depolarisation effects taking place at the scanner 
mirrors, some of the retroreflected light is transmitted through the laser head 
optical isolator and emerges from the polarising beamsplitter aiming for the 
laser head output mirror where it would normally be sent back to the optics as 
a secondary beam. The additional quarter wave retarder plate at 45° works on 
this secondary beam by rotating its state of polarisation by 90° in double pass. 
The secondary beam is then eliminated by the polarising beamsplitter. An
added advantage of this additional quarter wave plate is that by converting the 
retroreflected beam into circularly polarised, 50% of its energy is converted 
into a state of polarisation which is not amplified by the laser head, thus 
reducing the amount of laser feedback.
The only disadvantage of this additional retarder plate is that 50% of the 
original laser head output power is wasted on exit by converting the linear 
polarisation of the beam into circular polarisation, the s-component of which 
is then reflected away by the polarising beamsplitter.
The Jones matrix sequences are as follows,
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£d - Jpbsr R(45) Jqwp $l(-45) Jal,<j>y &(0jx) Jal,<|>x Jim Jal,0x R(0jx) Jal.^y &(-45)
Jqwp &(45) Jpbst &(-45) Jqwp H(45) E0 8.29
Egr = Rm G Jpbst Jim Jpbsr &(-45) Jqwp &(45) £o 8.30
£gt = RMG Jpbsr Jim Jpbst &(-45) Jqwp R(45) £o 8.31
£ext = R(45) Jqwp &(-45) Jpbst &(45) Jqwp &(-45) Jal,4>y &(0jx) Jal,<}>x Jim Jal,<j)x
R(0jx) Jal,(|)y R(-45) Jqwp &(45) Jpbst R(-45) Jqwp &(45) £o 8.32
8.5 Theoretical Results
Table 8.2 gives the theoretical values of beam intensities for all four models 
studied and for the five scan angle combinations described earlier.
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T a b l e  8 . 2  Theoretical results from  the Jones calculus 
analysis o f  all fou r sub-system  optics  
designs.
Optics design 
and scan angles
Td Tgr Tgt Tufb Text
Markll
45.0-45.0 0.1279 0.0030 0.0030 0.0043 0.1394
32.5-32.5 0.1222 0.0030 0.0030 0.0135 0.1470
32.5-57.5 0.1151 0.0030 0.0030 0.0311 0.1498
57.5-32.5 0.1338 0.0030 0.0030 0.0100 0.1265
57.5-57.5 0.1321 0.0030 0.0030 0.0004 0.1228
Re-arranged
Markll
45.0-45.0 0.1893 0.0029 0.0029 0.0000 0.1309
32.5-32.5 0.1904 0.0029 0.0029 0.0041 0.1337
32.5-57.5 0.1780 0.0029 0.0029 0.0224 0.1351
57.5-32.5 0.1796 0.0029 0.0029 0.0205 0.1352
57.5-57.5 0.1764 0.0029 0.0029 0.0080 0.1262
PBS+one
45.0-45.0
1/4 plate
0.6665 0.0000 0.0000 0.0000 0.0000
32.5-32.5 0.6609 0.0000 0.0000 0.0144 0.0143
32.5-57.5 0.5751 0.0000 0.0000 0.0790 0.0783
57.5-32.5 0.5851 0.0000 0.0000 0.0723 0.0716
57.5-57.5 0.6028 0.0000 0.0000 0.0282 0.0279
PBS+two
45.0-45.0
X/4 plate
0.3332 0.0000 0.0000 0.0000 0.0000
32.5-32.5 0.3304 0.0000 0.0000 0.0036 0.0000
32.5-57.5 0.2876 0.0000 0.0000 0.0198 0.0000
57.5-32.5 0.2926 0.0000 0.0000 0.0181 0.0000
57.5-57.5 0.3014 0.0000 0.0000 0.0070 0.0000
In all cases important variations in intensity values occur at different 
angles owing to the variation in the Jones matrix of the mirrors.
scan
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Considering the Markll optics first, it can be said that it has a low 
efficiency since less than 13.4% of the original laser head output power 
reaches the photodetector even though the model assumes no losses either at 
the target or at the various glass-air interfaces. The ghost beams at the
detector have an intensity of up to 2.6% of the desired retroreflected beam. 
However the potential danger for interference effects could be considerably 
greater since this effect is a function of the electric field amplitude. Finally 
the external resonator effect is near 15% of the original beam intensity.
The rearranged Markll optics represents a slight improvement both for the
overall efficiency, external resonator effect and laser feedback when 
compared to the Markll optics. Its efficiency is not less than 17.6%.
The use of a polarizing beamsplitter in conjunction with the re-arranged 
Markll configuration provides a dramatic improvement of the efficiency of 
not less than 57.5%. Also there are no longer any ghost beams produced by the 
beamsplitter. The external resonator effect is also reduced by around half of
that for the previous two designs. Unfortunately the laser feedback is 
considerably worsened.
The addition of a second quarter wave retarder reduces the efficiency to not 
less than 28.7%. However this is already more then twice that of the Markll 
design. This configuration shows its strength in having the lowest intensity 
for the unwanted beams. Its most remarkable quality is the elimination of 
both the external resonator and ghost beams unwanted effects.
Theoretically, the optical design consisting of a polarizing beamsplitter and
two quarter wave retarder plates represents the most attractive solution for 
the purpose of producing a high accuracy laser tracking instrument.
8.6 Experimental Analysis
8.6.1 Test Bench
All four optical designs and all five scan angle sets were tested 
experimentally. For convenience, the early MarkI prototype bench [75] was
used to perform the tests. The only difference between the geometry of the
bench and that of the Markll is a 90° rotation of the scanning unit so that the
axis of rotation of the first mirror to be hit by the beam is parallel to the laser
head direction of polarisation instead of being normal to it. A similar 
theoretical analysis was performed on the test bench geometry. The only 
difference in the Jones matrix sequences is a rotation matrix of 90° before the
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scanning unit on exit, and another of -90° this time after the scanning unit on 
entry. The theoretical results are given in Table 8.3. The purpose of this 
analysis is to show that although the test bench has a slightly different 
geometry, the conclusions will remain of interest. Moreover there is no 
reason why one configuration should be used instead of the other. The test 
bench was used instead of the Markll hardware because it gave access to all 
light beams of interests.
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T a b l e  8 . 3  Theoretical results from the Jones calculus 
analysis o f  four optics designs set-up on 
the Markl prototype bench.
Optics design 
and scan angles
Td Tgr Tgt Tufb Text
Markll
45.0-45.0 0.1279 0.0030 0.0030 0.0043 0.1394
32.5-32.5 0.1374 0.0030 0.0030 0.0008 0.1350
32.5-57.5 0.1369 0.0030 0.0030 0.0084 0.1231
57.5-32.5 0.1189 0.0030 0.0030 0.0270 0.1481
57.5-57.5 0.1109 0.0030 0.0030 0.0186 0.1405
Re-arranged
Markll
45.0-45.0 0.1893 0.0029 0.0029 0.0000 0.1309
32.5-32.5 0.1904 0.0029 0.0029 0.0041 0.1337
32.5-57.5 0.1780 0.0029 0.0029 0.0224 0.1351
57.5-32.5 0.1796 0.0029 0.0029 0.0205 0.1352
57.5-57.5 0.1764 0.0029 0.0029 0.0080 0.1262
PBS+one
45.0-45.0
X/4 plate
0.6665 0.0000 0.0000 0.0000 0.0000
32.5-32.5 0.6609 0.0000 0.0000 0.0144 0.0143
32.5-57.5 0.5751 0.0000 0.0000 0.0790 0.0783
57.5-32.5 0.5851 0.0000 0.0000 0.0723 0.0716
57.5-57.5 0.6028 0.0000 0.0000 0.0282 0.0279
PBS+two
45.0-45.0
X/4 plate
0.3332 0.0000 0.0000 0.0000 0.0000
32.5-32.5 0.3304 0.0000 0.0000 0.0036 0.0000
32.5-57.5 0.2876 0.0000 0.0000 0.0198 0.0000
57.5-32.5 0.2926 0.0000 0.0000 0.0181 0.0000
57.5-57.5 0.3014 0.0000 0.0000 0.0070 0.0000
By comparing the theoretical results for the two scanning unit 
orientations, it can be seen that only the results for the basic Markll design
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shows discrepancies. It is attributed to the fact that in this case only, the 
scanning head is presented with a degraded circular polarisation due to the 
polarisation sensitivity of the beamsplitter.
The measurements of light intensity were made with a single 0.2 inch 
diameter circular element silicon photocell used in conjunction with a 
specifically made transimpedance amplifier. The good response linearity of 
this light power sensor was checked by measuring the transmitted beam power 
through a linear polarizer for angles from 0° to 90° by step of 10° relative to a 
linearly polarised input beam and comparing the results with the theoretical 
values. The sensor measured the total beam light power, which was directly 
proportional to the beam peak intensity. The 0.63 mm diameter laser beam was 
not expanded to ensure that all its light power was incident on the detector 
surface.
8.6.2 Experimental Results
The light power readings were normalized by dividing the voltage output of 
the sensor by the voltage output for the original laser head output beam. This 
procedure renders easier a comparison with the theoretical values. The results 
are given in Table 8.4. Notice that the two ghost beams coming from the 
beamsplitter could not conveniently be measured independently 
experimentally and so a total ghost beam power was measured. Also, an 
additional light level was measured, Ttar, that of the laser beam emerging from 
the sub-system and aiming for the target. This value is useful for the 
classification of the instrument in terms of laser safety.
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T a b l e  8 . 4  Experimental results for  four optics designs 
set-up on the MarkI prototype bench.
Optics design Igr,Igt Tufb Text T^ ar
and scan angles
Markll
45.0-45.0 0.076 0.008 0.003 0.071 0.275
32.5-32.5 0.084 0.008 0.003 0.071 0.284
32.5-57.5 0.083 0.008 0.014 0.065 0.276
57.5-32.5 0.067 0.008 0.014 0.071 0.270
57.5-57.5 0.060 0.008 0.014 0.071 0.265
Re-arranged
Markll
45.0-45.0 0.090 0.008 0.002 0.068 0.316
32.5-32.5 0.092 0.008 0.005 0.071 0.325
32.5-57.5 0.078 0.008 0.030 0.076 0.316
57.5-32.5 0.084 0.008 0.011 0.067 0.311
57.5-57.5 0.079 0.008 0.016 0.067 0.306
PBS+one A./4 plate
45.0-45.0 0.297 0.000 0.003 0.003 0.565
32.5-32.5 0.298 0.000 0.010 0.010 0.579
32.5-57.5 0.189 0.000 0.10 0.10 0.567
57.5-32.5 0.256 0.000 0.027 0.029 0.556
57.5-57.5 0.221 0.000 0.052 0.056 0.543
PBS+two X/4 plate
45.0-45.0 0.124 0.000 0.002 0.000 0.235
32.5-32.5 0.124 0.000 0.003 0.000 0.240
32.5-57.5 0.078 0.000 0.022 0.000 0.237
57.5-32.5 0.110 0.000 0.005 0.000 0.232
57.5-57.5 0.089 0.000 0.011 0.000 0.227
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8.6.3 Comparison of the Various Optics
The experimental results show similar trends to the theoretical values 
although large differences exist in absolute terms. The lower power values 
obtained experimentally at the detector level were attributed to glass-air 
interface reflections and to the non-modelled properties of the silicon dioxide 
mirror coating.
The double quarter wave retarder plate optics offers the best overall 
performance in terms of low laser feedback, absence of external resonator 
effect, no ghost beams and the lowest beam power for safety consideration. As 
was also the case theoretically, this design is second best for the proportion of 
the original laser head power reaching the photodetector surface.
8.7 Beam Depolarization bv the Air-Path Retroreflector
In addition to studying the optical design of the sub-system, an analysis was 
also made of the air path retroreflector. Although this type of target is not 
being retained for the current short range application for which the laser 
tracking instrument is developed, it might offer some advantages over the cat's 
eye type target in other cases. However, the device exhibits serious 
depolarisation effects which could affect the measurement precision and for 
that reason the results of this investigation are presented here.
8.7.1 Modelling and Theoretical Analysis
At normal incidence the air path retroreflector offers either of six optical
paths to an incoming ray. The path used depends on the ray entry point. In
the context of the laser tracking instrument, it is likely that at all times all six 
possible paths will be used by various portions of the beam due to small tacking 
errors in proportion to the beam size. Figure 8.5 shows the incident and 
retroreflected Jones calculus reference frames as well as the positions of the 
six possible entry points areas defining the possible paths through the device. 
The entry points areas are labelled R+ Li, R 2, L 2, R 3 and L3. The R and L labels 
refer to the right and left hand side of each of the three possible entry 
mirrors. The indices 1,2 and 3 correspond to the mirror hit first.
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r A
F i g .  8 . 5  Retroreflection o f  a Jones electric field  frame o f reference 
through an air path retroreflector.
The case of normal incidence is relatively simple to study for two reasons.
One is that all reflections take place at 54.736° of incidence. The other reason is 
that a simple geometric method can be used to deduce the Jones rotation matrix 
angles through the optical system. This method was described by Acharekar 
for the analysis of a glass comer cube [92].
Figure 8.6 show the construction method and Jones sequences for the Ri 
entry points. Briefly, the method consists of matching the three mirrors of
the device with three adjacent and orthogonal faces of a cube with the 
incident ray parallel to the cube's longest diagonal.
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£ 2 = 0  al,5 4 .7 3 6 %  
£ 2’=:R-60:£:2
%  “ 3 al,54.736 %  
£f = R-120 %
F i g .  8 . 6  Construction method to determine the correct Jones matrix 
sequence through an air path retroreflector.
Ph.D. 1988 J.R.R. MAYER 174
Chapter 8 Assessment of Laser Beam Processing Optics
The Jones matrix sequences for the Ri and Li entry points are,
£ri = 3R1 £o 8.33
where,
3R1 = ft(-120) 3al,54.736 ft(-60) 3al,54.736 ft(+60) 3al,54.736 8,34
and,
£li = 3li £o 8.35
where,
3L1 = ft(+120) 3al,54.736 ft(+60) 3al,54.736 ft(-60) 3al,54.736 8.36
The sequences for the remaining four cases are easily derived by pre- and 
post-multiplying the previous sequences by appropriate Jones rotation 
matrices. In effect, the incident Jones frame is rotated so that the optical 
system is similar to one of the above cases. After retroreflection the exit frame 
is rotated to correspond to the usual exit frame orientation. This procedure is 
illustrated in Figure 8.7 where the incident (subscript 0) and retrorefleeted 
(subscript f) Jones frames are represented.
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F i g . 8 . 7  Rotation o f the incident and retroreflected Jones frames at an air
path retroreflector.
The effect of using an air path retroreflector in conjunction with the 
optical sub-system is analysed for the basic Markll sub-system optics design 
and for the design based on the use of a polarizing beamsplitter and two
quarter wave plates. In both cases only the case for both scanning mirrors at 
45 degrees is considered. The study provides the intensity of each portion of
the retroreflected gaussian beam as a function of the entry points to the 
target. The calculation are made for the current Markll scanning unit
orientation as well as for the optical test bench orientation. The target 
response to a linearly polarised beam along xo is also considered.
Table 8.5 contains the theoretical values for the normalised intensity at the
detector for each of the 6 beam paths. The results show a relative intensity 
ratio of up to 1.033 for the Markll optics and up to 1.029 in the case of the new 
proposed optics.
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T a b l e  8 . 5  Theoretical results fo r  the light intensity at the 
photodetector for  the six possible optical paths through an 
air path retroreflector.
RetroreflectorMarkll Markll PBS + 2 1/4 PBS + 2 A./4 Linear 
entry point (test bench) (test bench) polarisation
Ri 0.9712 0.9684 0.9717 0.9717 0.9939
R2 0.9685 0.9711 0.9717 0.9717 0.9939
r 3 0.9700 0.9696 0.9717 0.9717 1.0000
Li 0.9973 1.0000 1.0000 1.0000 0.9939
l2 0.9989 0.9984 1.0000 1.0000 1.0000
l3 1.0000 0.9973 1.0000 1.0000 0.9939
8.7.2 Experimental Evaluation of the Retroreflector Depolarization 
Effects
The experimental tests were carried out using a non-expanded 0.63 mm 
diameter linearly polarised beam. The air path retroreflector was mounted on
a rotary stage, itself clamped onto an x-y translation stage. The rotary stage
provided a means to precisely set the relative orientation between the 
retroreflector and the beam state of polarisation. The translation stage was
used to select the entry point to the target.
The experimental results are included in Table 8.6. Little resemblance is 
apparent between these results and the theoretical predictions. A likely cause
of these discrepancies is the property of the coated mirrors forming the device
since the theoretical model assumes uncoated mirrors. The variations for
different optical paths are more dramatic. The ratios of the maximum to the
minimum intensity values are 1.45 and 1.28 for the Markll and newly proposed
polarizing beamsplitter based optics respectively.
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T a b l e  8 . 6  Experimental results fo r  the normalized light 
intensity at the photodetector fo r  the six  
possible optical paths through an air path 
r e tr o r e fle c to r .
Retroreflector Markll PBS + 2 X/4 Linear
entry point (test bench) (test bench) polarisation
Ri 1.00 1.00 0.87
R2 0.81 0.92 0.89
Rs 0.77 0.78 1.00
Ll 0.69 0.90 0.87
l2 0.84 0.79 0.99
L3 0.90 0.92 0.91
An estimate of the resulting effect on the detector response can be obtained 
by superimposing the beam petal shape intensity distribution on the detector 
as shown in Figure 8.8.
F i g .  8 . 8  Petal shape distribution o f  the relative intensity o f a gaussian 
beam after retroreflection through an air path retroreflector.
The enx and eny normalized errors can be calculated as described in Chapter 
5 as 0.060 and 0.006 respectively. For a 0.8 mm beam expanded 10 times, using
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the gains values obtained in Chapter 6 for the calibration of the photodetector
using a cubic model, errors of 0.18 mm and 0.018 mm would result for ex and ey.
This seriously reduces the instrument precision and makes the air path
retroreflector unsuitable for the measurement of robot positioning 
performance.
8.8 Summary
The choice of laser beam optics affects quantities such as:
1 - The proportion of the original laser output that reaches the
photodetector as useful retroreflected light
2 - The amount of stray light at the detector due to reflection at the
beamsplitter faces.
3 - The unwanted feedback into the laser cavity.
4 - The unwanted secondary laser beam reflected at the laser head output
mirror.
Four different configurations are analysed, each for five possible scanning
angles. The theoretical analyses uses Jones calculus and is complemented with
experimental results.
The final choice of beam optics for an improved measurement instrument
is a bidirectional optical isolator made of a polarising beamsplitter sandwiched 
between two quarter wave retarder plates at 45 degrees. One isolator prevents 
laser feedback, the other stops the secondary beam effect.
The air path retroreflector is studied from a light polarisation viewpoint to 
determine its reflectance at normal incidence. It is found that the device has
six possible optical paths each with its own reflectance characteristics.
Variation in ratios of up to 1.45 and 1.28 in the intensity of the retroreflected 
beam were measured between different paths when using the device with the
Markll optics and new bidirectional optics respectively. As a result,
uncertainties of up to 0.18 mm may occur in the detection of the tracking error
for the Markll system making this form of target unsuitable for the present
development of the instrument.
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9 THE DESIGN OF THE MARKIII OPTICAL SUB-SYSTEM
The MarklH instrument retains most of the features of the Markll system.
However its purpose is to provide a higher repeatability and accuracy of 
measurement of the robot end effector position.
The objective is to provide an accuracy to the order of +/-50 pm in 
translation in a one metre sided cube. Such precision requires careful 
consideration of both the hardware and the software aspects. Whereas most of 
the data processing software developed for the Markll instrument is readily 
applicable to the MarkHI, this is not the case for the Markll hardware which
cannot achieve the high accuracy required. The main two areas that require 
upgrading are the precision of the scanner angular position reading and 
secondly the purification of the light spot at the photodetector. The
measurement sensitivity analysis performed in Chapter 4 indicates that a 50 
pm precision can only be achieved with a scanner angular measurement of 
better than 1.21 arcsec for no error on the measurement of the tracking error 
and in a similar way, a precision of +/- 21.6 pm on the measurement of the 
tracking error with no scanner error. In the presence of both type of error,
their detrimental effects on the measurement uncertainty will be compounded.
It is also planned that a measured volume between 0.5 m and at least 3. m 
sided cube will be accommodated.
This Chapter deals with the optical considerations of the MarkHI sub­
system, for which a prototype has been produced and tested.
9.1 The Mirror Angle Detection and Scanning Mechanism
The mirror angular movement is monitored by a high precision/low
inertia optical encoder. Its inertia is quoted by the manufacturer at 8 gr-cm2 
while a resolution of 1 arcsec can be obtained. The device produces 81000
cycles of two sinusoidal signals in quadrature per revolution. These signals 
can be squared electronically and used to provide a 4 arcsec resolution count
using a digital circuit. However in order to obtain a resolution of 1 sec, the 
signals can be fed to an interpolator circuit available from the manufacturer
which provides this level of precision. The maximum accumulated error per 
rotation is quoted at 20 sec. Since only 25 deg. of rotation are used it is expected 
that a higher level of accuracy can be achieved.
The scanning head for the MarkHI optical system is designed with the 
objective of providing very low mirror wobble both dynamically and
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statically. Unlike with the previous instrument the mirror is now supported 
by a bearing system on each side. This greatly enhances the wobble 
characteristics particularly in the dynamic mode when lateral forces are
generated by the presence of rotating mass eccentricity.
2*2 Xaxg&i
The Marklll sub-system is designed for use with a cat’s eye type 
retroreflective target. The most fundamental property of the device is its large
angular aperture which allows much freedom of motion to the robot under test 
and also its excellent stability of optical properties at all angles ensuring a
unique optical centre detection. At present, the 15-30 m m  radius target size 
offers a good compromise between size and tracking distance.
9.3 Beam Polarization Optics
The Marklll optical hardware uses the beam processing optics based on the 
use of a polarizing beamsplitter and two quarter wave plates forming a
bidirectional optical isolator. This optical system was described in Chapter 8. It 
offers good efficiency and low intensity levels of the various unwanted beams, 
leaving a clean retroreflected light spot at the photodetector. However careful
alignment of the quarter wave plate will be required to send off-axis the 
unwanted glass-air interface reflections and prevent them from reaching the
detector.
2*4 Laser Head
The He-Ne polarized beam gas laser has been shown to be an adequate laser 
for the purpose of building a laser tracking instrument. It is reliable, 
compact, maintenance free and produces a gaussian beam of high integrity. 
One major problem however is the noise level induced in the sub-system
electronics by the laser power supply unit. It was found that this undesirable
effect occurs when a Melles Griot power supply contained in a plastic box is
used rather than a metal box model from the same supplier. As a result, careful
consideration must be given to adequately shielding any power supply.
The choice of a laser system for the Marklll system depends on the light 
power output and the beam pointing stability after warm-up.
The pointing stability of the laser head is half as detrimental as a scanner 
angular error and as such must be kept to much below 1 arcsec or 5 jirad. In
the presence of a beam expander, the beam angular pointing error is reduced
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proportionally to the beam expansion ratio. In this design a beam expansion 
ratio of 4 has been selected, thus bringing the beam pointing stability 
requirements to 0.02 mrad.
The beam output power is decided on the grounds of a compromise between 
a high signal to noise ratio at the photodetector and laser safety. Tests on the 
Markll sub-system have shown that no appreciable amount of ambient light 
power was present at the detector due to a good level of isolation provided by 
the use of an interference laser line filter [75]. Furthermore only that amount 
of ambient light reaching the detector which is not of a uniform nature is 
detrimental to the measurement since it is otherwise eliminated in the data 
processing.
The laser safety aspects have been considered in order to provide an 
instrument that can be used in most industrial environment without requiring 
special precaution except for the warning of people present in the area. The 
choice of laser power is made in accordance with the British Standard BS4803 
[93] and the International Electrotechnique Commission Standard Publication 
825 [94]. In order not to constraint the use of the instrument in either a 
laboratory, workshop or outdoor environment and in line with the 
recommendations and rules of both standards, a class 2 laser classification has 
been selected. A class 2 system is one that emits less then 1 m W  of laser power 
in the wavelength region 400 to 700 nm, the use of which does not call for the 
need to look into the beam. The blink reflex protects the user from eye damage 
according to both standards. The main recommendations with a class 2 system 
are that the laser beam should be terminated at the end of its useful path by a 
diffusely reflecting material and that it should not be aimed at personnel; 
especially at head height.
The laser head finally selected is a Uniphase 1103P producing 1.8 m W  of 
polarized light at 632.8 nm and with an output beam pointing stability of 0.01 
mrad. The output beam waist is 0.63 mm. Table 9.1 gives the specifications 
from the manufacturer.
Ph.D. 1988 J.R.R. MAYER 183
Chapter 9 The Design of the MarkHI Optical Sub-System
Table 9.1 MarkHI laser head specification.
Minimum output power (TEMoo» 633 nm)
Beam diameter
Minimum polarization ratio
Power drift (monitored over 8 hours)
Beam pointing stability after 15 minutes
Weight
Dimension (diameter x length)
9 oz
1.245 x 9.5 in
+ /- 2.5% 
0.01 mrad
0.63 mm 
500:1
1.8 m W
9.5 Beam Expansion
The process of selecting a suitable beam expander and focus adjustment for 
the MarkHI sub-system is similar to that described in Chapter 3 where a 
change of beam expansion was made to the Markll system for its use with a 
cat’s eye target. However in the present case, plans to further reduce the 
target size and the use of a different type of photodetector (to be described in 
the following section) imposes more emphasis on the use of a small beam 
diameter at the target and less importance to the beam size at the detector. The 
design criteria calls for a minimum beam diameter at the target for a tracking 
range between 1 and 6 metres. This is fulfilled by fitting a near field region to 
the required tracking range. Equation 3.71 is used to directly calculate the 
required beam expansion ratio. The result is M=3.88. For M=4 both criteria for 
the output beam waist location and near field length cannot both be satisfied 
simultaneously. However it can be verified that a suitable set of beam diameter 
sizes is obtained by focusing the expander at its furthest point, that is 3.9 m. 
This results in the near field extending from the sub-system until 7.8 metres 
away. As a result within 1 and 6 metres away the maximum beam radius at the 
target is 1.11 mm while at the detector it varies between 0.89 and 2.03, assuming 
no target aberration.
The beam expander selected is made by Spindle & Hoyer GMBH &CO Table 9.2 
gives the unit optical specifications.
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Table 9.2 MarkIH beam expander optical specifications.
Nominal beam expansion 
Entrance aperture 
Exit aperture 
Entrance optics
4x
Exit optics
max. 4 mm 
max. 16 mm 
Concave, f=-15.7 mm, 
not cemented, not centrable 
Focusable from 0.5m to °o, f=60.4 mm
9.6 Tracking Error Pc.tecJi.Q_13.
The MarkIH sub-system prototype uses a lateral effect photodetector for the 
detection of the lateral tracking offset of the retroreflected beam. This type of 
detector has a continuous square surface that detects the position of the total 
light intensity centroid on its active surface. As a result it is insensitive to spot 
size and its response gain, unlike that of a quadrant cell, does not 
fundamentally vary with the position of the light spot. The detector is not 
insensitive to spot intensity variation although it is possible to provide 
intensity independent readings of the spot position either electronically or 
mathematically in the data processing algorithm. The electronic 
compensation is used for the error signals sent to the tracking controller. 
Variation in retroreflected beam intensity, such as those produced by 
reflectance variation of the scanning mirrors, would otherwise cause a 
change of the closed loop tracking gain. Software rather than electronic 
compensation for beam intensity variation is used for the data processing 
because of its greater accuracy. The calculation of the normalized tracking 
error vector is made as follows,
where vi and V2 are the two outputs for the x-axis of the detector and V3 and V4 
those for the y-axis.
This type of detector is commercially available from a number of suppliers. 
A device made by Sitek Laboratories AB (Sweden) was selected for its excellent 
linearity of typically 0.5 %. For a spot position reading accuracy of 25 p.m over 
a 10 m m  detector range, 0.25% linearity is required. However for the 
relatively large spot size used in the present application and because only a 
small portion of the detector range is used during tracking some improvement
9.1
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in performance may appear. The following section presents the results of 
calibration tests carried out on the device.
The cost of such a detector is around £600 but a reduction by a factor of four 
in the price results from using a smaller area device of 4 x 4 m m 2. In order to 
use the smaller device a low cost afocal beam reduction optical system is used 
which is made of a 50 mm and a 20 mm focal length lenses.
9.7 Preliminary Tests Results
The basic system components have been tested to assess their precision.
Figure 9.1 shows the results of a test performed on the complete Marklll 
scanning unit. The wobble is between -.9 and +.8 arcsec and generally of the 
order of +/- 0.5 arcsec. This is an improvement by a factor of about 1.5 over 
the General Scanning Inc. scanners.
0 . 6  0 . 7  0 . 8  0 . 9  1 .0  1.1
Angle - rad
F ig. 9 .1  Wobble o f the Marklll scanning mechanism.
The assembled Marklll scanning unit was tested for angular measurement 
precision against an autocollimation set-up based on the Wild Heerbrugg T2000 
electronic theodolite as was described in Section 5.2.
The angular position was recorded from the Canon Cl-16-1 interpolator 
board. This board uses a set of zero-crossing detectors to perform the on-line 
interpolation of the encoder sine and cosine signals and produces a 
measurement with a resolution of 1 arcsec. The results are presented 
graphically on Figure 9.2. The test consisted of driving the unit from the
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MarkI scanner driver with its command produced by a precision voltage 
source. The commands were between +1.5 V and -1.5 V using increments of 0.2 
V. A complete cycle was performed which covered the total 25 degree range.
-a- Ctockwise 
■*- Counter-clockwise
0 . 6  0 . 7  0 . 8  0 . 9  t . O  1.1
Angle - rad
F ig . 9 .2  Measurement error o f the mirror position using the Canon encoder
and Canon interpolator.
The most dramatic characteristics of the response is the hysteresis effect. 
This causes repeatability errors of the order of 8 arcsec. The sudden drop at 
0.975 radian on the top curve may also be caused by the directional non- 
repeatability due to possible overshoot effects when changing the scanner 
angular position. The fact that the starting points on the left of the diagram do 
not seem to be affected comes from the fact that this point is approached from 
the same directions both at the beginning and at the end of the test cycle. 
There also is a non-linearity in the response. This is of the order of 4 arcsec 
peak to peak.
The origin of the hysteresis problem was found to be either the data
acquisition from the interpolator or the interpolator itself and not the 
encoder. A test was performed which consisted in keeping the autocollimator 
at a fixed location to ensure that it would not contribute any hysteresis. Then 
autocollimation was re-establish by driving the scanner from one direction
then the other avoiding any overshoot of the autocollimation position in 
either cases. In the first series of tests the interpolator reading was taken 
when autocollimation occurred. The five attempts resulted in differences of 7, 
8, 9, 8 and 2 arcsec between the two directions of approach. The following tests 
consisted in observing the two sine waves produced by the encoder on an
o03C/3K
£•c303C"TCo2 -2
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.....
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V
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oscilloscope. These two waves can be displayed in the x-y mode thus producing 
a circular trace as the encoder rotates. A radial grid of 16 divisions, 1 per 
arcsec, was over-imposed on the oscilloscope display and centred on the circle. 
A perfect agreement was found between the point at which the dot crosses a 
particular radial line and the occurrence of autocollimation and that from
either direction of approach. A similar test was performed this time 
comparing the position of the spot on the oscilloscope to the interpolator 
digital readout from both directions. It was found that a discrepancy of 7 
arcsec was present between the two directions of approach but that the
readings for a particular direction of approach were stable.
The conclusion is that the sine waves produced by the Canon encoder are 
repeatable to better than 1 arcsec but that the interpolator suffers from a lack
of directional repeatability of the order of 7 arcsec. It is then proposed to
sample the sine and cosine signals from the encoder directly and to perform 
the interpolation off-line numerically.
The experimental assessment of the behaviour of the 10 x 10 m m 2 position 
sensitive detector was performed in conjunction with the use of a 15-30 mm 
radius cat’s eye target and the bidirectional optical isolator optics. The
experiment consisted of a series of 7 single axis tests carried out at different 
distances from the optics. The target was mounted to an x-y stage driven by 
micrometers.
The results of the test are used to assess the linearity of the response as well 
as the gain variation with increased range. Equation 9.1 is used to calculate
the detector normalized positions. Figure 9.3 shows the normalized positions
against the target position along the stage. The abscissa represents the offset 
between the incident beam and the target centre point.
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to target distances.
The above graph shows the saturation of the response for large tracking 
errors. This effect is attributed mainly to the retroreflected beam divergence 
angle caused by spherical aberration in the target. At short range, however, 
some of the returning beam might be falling off the detector surface since the 
detector surface is 10x10 m m 2 which means that for a 2.5 mm error the 
retroreflected beam could be just on the detector edge. The effect of beam 
divergence, due to the target spherical aberration, on the response increases 
with range because the returning beam has to travel a longer distance before 
reaching the detector, thus allowing the linear lateral shift to build up.
In order to calculate the target position relative to the outgoing beam, it is 
necessary to avoid exceeding the saturation point of the response. At 4.8 
metres away, the saturation free range of tracking errors is 2.5 mm.
The response was further studied using a model to calculate the target 
position from the detector normalized outputs. The purpose here is to have a 
response function that can be used for the data processing software of the 
final instrument. The model is as follows,
xt/st = xto/st + f (kd enx + *do/t) 
where, f(x) = ai x + a2 x2+ a3 x3
kd is the detector nominal response slope of 5 mm.
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Xd0/t is minus the detector reading for no tracking error. 
xto/st is the stage reading for no tracking error.
This model takes into account the set-up dependent factors so that their 
effects do not disturb the detector response function represented by a third 
order polynomial.
The results are given in Table 9.3. The test data used for the identification 
are reduced to include only the non-saturated portion of the response in order 
to obtain a single valued function.
T able 9 .3 Coefficients for the position sensitive detector response.
Range
(m)
ai a2 a3 xdo/t
(mm)
xto/st 
(mm)
Measurement 
range (mm)
Max error 
(pm)
1.5 0.513199 -0.005706 0.019143 0.15 2.67 3.5 25
2.0 0.512764 -0.012221 0.026461 0.12 2.51 3.0 15
3.0 0.534289 -0.000727 0.033522 0.09 2.31 2.5 19
3.5 0.528620 0.011880 0.047114 0.02 2.05 2.5 22
4.0 0.520468 0.003808 0.061222 0.06 2.26 2.25 21
4.8 0.576701 0.013775 0.083139 0.0 1.98 2.00 21
The third order model provides an acceptable fit to the experimental data as 
shown by the maximum residual errors. The cubic term increases with target
range as indicated by the response curves. A sudden increase in the size of the
linear term at a range of 4.8 metre is also apparent.
9.8 Summary
A design is presented for the MarkIH optical sub-system together with
preliminary results.
The scanning mechanism incorporates a high precision, low inertia laser 
based optical encoder to provide precise measurements of the mirror rotation 
while preserving good dynamics. The mirror holder is supported on both sides 
by quality pre-loaded bearings to control the amount of wobble.
The optics consists of a glass cat's eye target and the sub-system uses the 
bidirectional optical isolator design described in Chapter 8. A 2 m W  laser head
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with an output beam diameter of 0.63 mm is combined with a 4x beam expander
to provide a small beam diameter at the target for the range used. The exit
laser power from the instrument is within class 2 classification levels (BSI and
IEC). The tracking error detection uses a lateral effect photodetector instead of
the quadrant photocell previously used with the Markll and MarkI sub­
systems. It has better linearity, does not have to be used near its geometric 
centre and it detects the centroid of the light on its surface. These
characteristics make it more suited for use with the cat's eye target which 
requires the beam to be small and close to its optical centre as otherwise it may 
produce a distortion of the beam gaussian distribution due to spherical 
aberration.
Tests reveal that the scanning mechanism has a wobble within +/- 0.5 
arcsec whilst the mirror angle can be determined with a repeatability below 1
arcsec and an accuracy of +/- 2 arcsec. The measurement of the tracking
error is made with an uncertainty of less than 25 pm.
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An instrument has been developed which provides dynamic 3D positional 
information from an optical target that, for example, can be mounted at the 
end effector of a robot arm. The system has been made to a near-commercial 
standard, is portable and only requires a mains power supply for its operation. 
The data acquisition and processing requirements are provided by an IBM-PC 
AT compatible microcomputer. In addition to the instrument basic hardware 
and software, a series of tools have been developed that permit the 
manufacture, testing and calibration of the instrument both at component and 
sub-system level and also as a final system. The suitability of the instrument 
for the purpose of industrial robot monitoring depends on its dynamics, 
measurement precision, target properties and ease of use. All these aspects 
have been investigated to improve the overall system characteristics.
The system dynamics is dependent on fast responses from the scanners and 
their controllers. For this purpose the original controller strategy proposed 
by Gilby was retained. However, in order to maintain good tracking dynamics 
with the new mirror sizes, the state-space controller settings were readjusted. 
The gains of the PID controller were also readjusted in view of the new beam 
optics in order to provide good tracking range, tracking error stability and 
target recapture.
The measurement repeatability of the instrument was enhanced through 
alterations made to the electronics implementing the signal processing and 
data acquisition of the scanner. The scanner angular position sensing system 
was modified to exploit more effectively the differential nature of the basic 
signals produced. Also the scanner sensitivity to temperature changes was 
reduced by the implementation of a temperature controller as part of the 
system electronics.
The early realisation that the air path retroreflector was inadequate for the 
purpose of high precision measurement and simultaneous two beam tracking 
led to the development of a novel lens-type retroreflective target together 
with a method for its manufacture. The target represents an important change 
to the instrument hardware as the positional integrity of the optical centre 
and the 157 degrees angular aperture make it a much superior target for the 
instrument.
The measurement accuracy depends on the accuracies of the basic 
components as well as on the derivation of beam steering equations which
10 CONCLUSION
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must emulate the action of the actual sub-systems optical hardware. A 
mathematical and geometric model was developed that can be tuned to 
accommodate possible design changes to the optical hardware as well as 
unwanted manufacture deviations from the nominal dimensions. For example 
the model can accommodate the use of balance scanner mirror mounts which 
lower the amount of dynamic wobble. The importance of having a well tuned 
model was demonstrated using simulated raw data.
Much effort was devoted to providing a precise and practical means of 
calibrating the various models used for data processing. The photodetectors 
were calibrated using a dual axis translation stage while the scanners required 
the use of an autocollimation technique and an electronic theodolite. A 
procedure was also developed for the indirect calibration, in-situ, of the
relative location between the two instrument sub-systems. This method only 
requires sightings of a dual target scale reference bar to be made together 
with the measurement of a random three-dimensional target trajectory. A 
least square program then finds a solution for the relative position between 
the two sub-systems by making all corresponding line-of-sight pairs cross and
by checking that the calculated scale bar length corresponds to the actual 
length.
The precision of the baseline length calibration is dependent on the 
precise calibration of the scale bar length after its manufacture. For that
purpose a cat' s eye optical centre detection device was made which can detect 
a point near the centre of a cat's eye target to +/- 1 pm. Once calibrated the 
carbon fibre used for the fabrication of the scale bar provides excellent 
dimensional stability with temperature changes.
A reliable procedure for the indirect calibration of the sub-systems 
geometric models has not yet been found. However, an analysis was made of 
the coordinate measurement error resulting from errors of each of the 13 sub­
system geometric model parameters in order to determine the most important 
ones. The y-mirror angular offsets were found to be very important and a 
simple experimental procedure was used to measure their values.
From the user's point of view, the need for an easy-to-use software 
interface so that useful measurements could be made led to the development of 
a series of routines. Two levels of software routines have been produced. One 
level consists of general routines for data acquisition and graphical 
representation of static and dynamic test results which allow the user to 
specify the data capture conditions. These routines require the user to conduct
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the test in a relatively interactive manner. The second level of test routines 
uses the instrument’s capability to interact with the robot controller through 
binary ports. Robot testing generally involves lengthy procedures requiring 
many cycles of a set pattern to be performed. The instrument’s potential to 
automatically carry out such test programs was demonstrated by performing a 
pose repeatability and accuracy test on an Adept-One industrial robot 
according to the ISO draft standard on robot performance testing. Once the 
robot has been programmed and the communication link established, a series 
of high level commands are given by the operator. After the test is completed 
the data is processed and represented graphically together with relevant 
statistical parameters - all expressed relative to the reference frame of the 
robot to ease their interpretation.
The instrument measurement space was studied to produce mapping of the 
attainable area and of the relationship between test site geometry, target 
position and measurement precision. The instrument can accommodate a cube 
roughly equal in size to half the baseline length. Tests have shown that the 
maximum baseline length was limited by the tracking range which was found 
to be not less than 0.5 metre and not more than 5 metres. Since the 
measurement cube's furthest distance is approximately one baseline length 
away from each sub-system, a maximum measurement cube of 2.5 metre sides 
can be accommodated with the present instrument design. In using the 
instrument, the best precision is achieved when keeping the baseline length 
to a minimum.
The measurement precision of the complete instrument is influenced by 
the scanner wobble and by the characteristics of the angular position 
transducer. The wobble is relatively small, within +/- 1 arcsec, but the angle 
detection suffers from hysteresis which can be as large as 16 arcsec. The non- 
linearity of the transducer is of the order of 45 arcsec but this is compensated 
in the data processing by the use of a look-up table which uses both the 
clockwise and counterclockwise calibration results.
The photodetector responsible for the detection of the tracking errors was 
modelled using third order polynomials. A maximum residual error of 50 pm is 
obtained provided that compensation is made for the target distance from the 
sub-system. This is due to the beam divergence which produces a variation of 
the light spot size at the quadrant photodetector.
The system ability to track the movement of the target was verified by 
successfully following the Adept-One manipulator at 100% of its nominal speed
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of operation. The maximum tracking speed was estimated at about 3 m/sec 
using a separate rig rotating the target on a 0.5 m radius circle. The scanner 
responsible for steering the beam have mechanical bandwidth in excess of 74 
Hz.
The measurement precision of the complete system was measured as 0.01% ( 
0.1 mm in 0.88 m for one standard deviation ) repeatability and 0.03% ( 0.266 
m m  in 0,88 m ) accuracy, both relative to the measured range. When the target 
is known to be stationary during the measurements, data averaging can be 
used to reduce the measurement repeatability error to 25 p,m.
The level of precision is low when taken in the context of robot calibration 
as was shown by the testing of an Adept-One manipulator. Although 
improvements to the level of accuracy are possible through the calibration of 
the sub-system geometric models, any further improvements to the level of 
repeatability will require major changes to the mirror angular position 
monitoring system.
In Section B, a new design is proposed for the optical sub-system of a 
Marklll version of the instrument which should offer a higher precision of 
measurement. The new laser beam optics uses a bidirectional optical isolator 
design which produces less stray light at the photodetector. A radical change 
is made to the scanning mechanism. A precision laser based optical encoder is 
directly coupled to the mirror holder itself supported at both ends by quality 
bearings with pre-load to reduce wobble. The tracking error is detected by a 
lateral effect photodetector which has several advantages. The device does not 
require null-tracking on its centre which makes easier the tracking of the 
target well on its centre thus reducing spherical aberration effects. Also it is 
less sensitive to beam shape variation, insensitive to spot size and has a good 
linearity over the whole surface.
Preliminary results for the Marklll sub-system show a tracking error 
precision better than 25 jxm, a scanner wobble below +/- 0.5 arcsec and an 
angular mirror position measured with an accuracy of +/- 2 arcsec and a 
repeatability better than 1 arcsec.
10.1 Further Work
The Markll instrument measurement precision could be improved in two 
ways. Firstly by indirectly calibrating the sub-system geometric models and 
secondly by compensating for the variation in quadrant detector response 
with target range.
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A possible approach to solving the problem of sub-system calibration is to 
generate a 3D grid of points using a coordinate measurement machine. The 
calibration criteria could use either both sub-systems simultaneously or one 
sub-system at a time. A simpler, though not so general method, would consist 
of a series of linear trajectories with the positions of the target being known 
along each line.
The compensation of the detector response variation with target range 
would involve a change in the data processing routine, whereby crude 
estimates of the target distances from both sub-systems are first calculated to 
allow the selection of the appropriate response model to be made. The precise 
target coordinates are then calculated using the correct model.
The problem of measuring all six degrees of freedom at a point in space 
requires the use of four sub-systems each monitoring a separate target. The 
mathematics and computer algorithm involved in finding a solution are 
complex and more work is required to produce a reliable, yet fast, algorithm 
for this calculation.
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A ppendix 1. The Non-Tracking M o d e Command Generator
The purpose of this circuit board was explained in Chapter 2. Briefly, it is 
responsible for providing position commands for the two scanners of a sub­
system. Its output can be set either manually via controls at its front panel or 
automatically (and manually) via the computer. In addition to controlling the 
position of the beam, it also produces a dithering of the beam which is 
important for the purpose of target recapture.
The manual control mode is selected via the board front panel. In this 
mode, the individual scanner command position signals are set by the position 
of two potentiometers while the dither pattern is selected by a multiple 
position switch. A  second switch offers a choice of two dither amplitudes.
The computer control mode has been implemented using a digital to analog 
converter for the position command while the dither selection is achieved 
through a digital decoding circuit. The computer commands necessary to 
control the scanner positions and dither mode are given in Table Al.l,
where, yo toyn, 12 bit horizontal scanner position.
xo to xi i, 12 bit vertical scanner position.
P3, P2, Pi, dither pattern selection code.
A x , Ay, horizontal and vertical dither amplitudes respectively.
Table Al.l Programming protocol for the non-tracking mode command 
generator.
Data
d7ded5d4 d3d2dido
Address 
a4a3 a2ai aq
Action
x4 x3 x2 X1 Y4 y3 y 2 yi 0 1 0 1 0 Write least significant data nibble
x7 x6 x5 x4 yi y 6 y 5 Y4 0 1 0 1 0 Write middle significant data nibble
x 11x 10 x9 x8 ynyioy9 y 8 0 1 0 1 0 Write most significant data nibble
? ? ? A x P3 P2 PI A y 0 1 0 1 0 Write dither code and activate the
latest scanner position set.
A  change of scanner angular position requires between 2 and 4 data write 
operations depending on how many out of the three nibbles forming a
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complete position are to be altered. The first step is to latch the new nibbles, 
either one, two or all three and then activate them. Because the activation 
stage is only address dependent, the data lines can be used to program a new 
dither position.
Figure Al.l shows a function diagram of the electronics. At the top of the 
figure is the reset signal generator which can be activated in either of three 
ways, first at power up, secondly from a front panel press button and finally 
via the reset line which is under the control of the computer. The reset signal 
operates digital multiplexer A  which transfer control from the computer to a 
digital circuit which mimics the computer and sets a nominal scanner state. 
The nominal state consists of the two scanners being at their middle position 
with no dither applied. Once the reset action has been completed, control is 
given back to the computer. The address, data and control lines as well as the 
write and chip select signals issued from multiplexer A  are sent to two
different circuits. One performs the digital to analog conversion and the other 
processes the dither information.
A  second digital multiplexer, labeled B, is used to give the control of the 
dither pattern to either the output of multiplexer A  in the case of computer 
control or to the user via a front panel selector for the manual mode. The 
output from multiplexer B is used to control the dither amplitude at the 
variable gain summing junction and also to select the dither pattern with the
pattern selection logic circuitry. The dither signals are also directed towards
the summing junctions for adding onto the scanner position signals.
Figure A1.2 shows a schematic diagram of the computer interface section.
It consists of buffers and the chip select signal circuitry.
Figure A1.3 shows the digital to analog converter chip DAC7542 and its
peripherals for its use in the bipolar mode.
The dither pattern selection circuitry is shown in Figure A1.4 and A1.5.
This circuitry multiplexes between the computer and front panel settings for 
the dithering mode and decodes it. The output is sent to a circuit that produces 
the appropriate dither analog signals. This circuit is illustrated in Figure A1.6 
and A  1.7. An RS8038 wave generator chip produces a triangular wave and a 
sine wave which are appropriately duplicated and delayed in order to produce
the desired beam oscillatory modes. The final dither signals are added to the 
output of the D A C  as shown in Figure A1.8.
The circuit responsible for automatically programming the board to a
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nominal state in computer mode is shown in Figure A1.9. A  four bit counter is 
used to produce the appropriate sequences of addresses and data. The 
implementation of the three possible reset modes is also shown on Figure A1.9. 
Figure A1.10 illustrates the multiplexing operation between the reset and 
normal operation data sets.
Ph.D. 1988 J.R.R. MAYER 210
Appendix 1 The Non-Tracking Command Mode Generator
S w itch -on
re se t
Operator press 
b u tto n  re se t
LJ
Hardware 
generation 
o f the 
data fo r  
rese tting
a0,a1\
D ata,8
wr
cs
Reset siqnal 
generator M icro-com puter
1 w rX^JA# 81^ .
M ultip lexer
A
/ —
(  a0 'a1
/ —  
(D a ta , 8
^ .w r
- * cs -
Decoder
and
b u ffe r
Manual p a tte rn  
se lec tion
Data, 8
P o te n tio m e te rs
M u lt ip le x e r M a n u a l/A u to
B
y - sw itch
Not used
To the 
c o n tro lle r Waveform
generator
Fig. Al.l Functional diagram of the electronics. 
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Fig. A 1.2 Schematic diagram of the board computer interface.
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Fig. A 1.3 Digital to analog conversion.
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► T
Fig. A 1.6 Dither wave generator.
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Fig. A1.7 Phasing of the basic dither waves and their selection.
Fig. A1.8 Summing junction for the dither and position signals. 
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AppencH.x._L Noise RedHC.tl.Qn.
In order to reduce the level of noise on the digitised signals from the 
quadrant detector and the scanner position transducer, modification were 
made to the electronic hardware. Three boards were affected. They are the 
position transducer amplifier (PTA), the quadrant detector amplifier (QDA) and
finally the analog to digital converter card (ADC).
The noise on the position transducer amplifier was mainly due to the 2.2 
M H z  oscillator inside the scanner body. Some op-amp instability was also 
present. A  high frequency electronic engineer was called in to assess the
problem and the possible solutions and a report was submitted [76]. Most of the 
recommendations contained in the report were followed.
Figure A2.1 shows a schematic diagram of the relevant portion of the 
electronics of the PTA and A D C  after the modification were made. The
bandwidth was reduced to a few kilohertz by the use of feedback capacitors and
op-amp compensation. Also, signals which do not directly affect the
measurement signal bandwidth were decoupled to the analog ground via
capacitors of appropriate bandwidth. A  major improvement resulted from 
keeping the differential nature of the scanner transducer outputs until they
reached the sample and hold inputs which were reconfigured as differential 
amplifier stages. A  balanced first order low pass filter with a cutoff of 60 KHz 
was also implemented as part of the differential amplifier. Additional 
decoupling was added to the voltage regulators in the form of a 10 pF tantalum 
for bulk and a 10 nF disc ceramic for high frequency operation.
In order to completely isolate the PTA from the sub-system electronics rack, 
decoupling capacitors were also added to the scanner driver lines. This was
found to further improve the signal to noise ratio.
The quadrant detector amplifier was modified to allow the use of 
differential stages at the sample and hold of the ADC. This approach was used 
after it was verified that much of the noise was due to a dynamic ground 
difference between the two boards. Figure A2.2 illustrates these changes.
Finally the A D C  card was given additional power supply decoupling 
capacitors at various points on the printed circuit board in the form of a 10 pF 
tantalum and a 10 nF disc ceramic.
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Appendix 2 Noise Reduction
Fig.A2.2 Schematic diagram of the new data acquisition strategy for the 
quadrant detector signals.
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A pp e nd ix  3. T e m p e ra tu re  C o n tro lle r
The design for the temperature controller of the scanner body is based on a 
circuit suggested by the manufacturer, General Scanning Inc., which is part 
of their A660 one-axis electronic card.
A  control block diagram of the temperature controller is shown in Figure 
A3.1. It is a single input/single output control system with feedback. The 
controller is of the proportional type and has the following gain,
Kh —
1
R 3(  1 J _
(Ri  R2 r 3
-1 A3.1
The gain that results is high, typically 664 for the current resistor values, 
and produces a negligible steady state error and no step changes in the drive 
current.
A  diagram of the electronics is shown in Figure A3.2. The scanner body 
thermistor is part of a voltage divider circuit made of a 5K precision 
wirewound resistor. The divider output V t  is an input to two different circuits. 
One is a protection circuit that disables the heater circuit if no thermistor is 
connected. The other circuit is the proportional controller preceded by a low 
pass filter that produces Vg. During normal operation the controller compares 
the thermistor signal Vs with a reference voltage produced by a second voltage 
divider which acts as a set point. For a current to flow through the heating 
skirt, Vs always exceed the reference voltage.
The heater current driver includes a current limiting circuit set to cut 
heating at ih = 0.4 A. However, under normal conditions, and for a +30 V. 
supply, only 0.33 A  can flow through the 90 D  heater blanket.
The temperature controller also includes an over temperature detection 
circuit that lights up a light emitting diode should this situation occur.
Set point 
Tr M g > -
Heater
K h Driver andScanner
Thermistor
Actual Temperature Ta
Fig. A3.1 Control block diagram of the scanner body temperature controller. 
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Appendix 4 Coordinate Transformation 
A p pendix il Coprflinjil.e Transf.Q.r.piatipq
Coordinate transformations are used at various points in the thesis. This 
appendix describes the notations and methods that are used.
3D points and vectors are represented using the same symbolism as follows,
where i is the point or vector identifier and k the reference frame to which it 
is referred. The slash precedes the reference frame identifier. The 
underlining indicates a vectorial quantity. Notice that p,i and k can be 
replaced with any other symbol.
It is sometimes necessary to change reference frame. First we may 
consider the transformation of a vector. Let assume that we wish to transform 
vector r a /1 into pa/2- Equation A4.2 performs that operation
[Ti ]2 is a rotation matrix and it can be generated in a number of ways. The 
method that has been adopted in this thesis consists of defining [Ti ] 2 as the 
product of three basic rotation matrices, each describing a rotation around a 
particular axis. The three rotations are those required to align the axes of the 
destination frame of reference with those of the original frame. Each rotation 
takes place around the new axis location resulting from any previous rotation. 
For example, a transformation to align frame 2 with frame 1 may require a 
rotation a around axis X2, followed by a rotation p around the new axis y2' and 
finally a rotation y around the resulting Z2" axis. The three matrices are 
combined as follows to form [Ti ]2
Pi/k = (Pix/k, Piy/k, Piz/k)T A4.1
PA/2 = ET 1 ] 2 PA/1 A4.2
[ T i ] 2 -  [R<x ,x ]  [R p ,y ]  [ R 7, z ] A4.3
The well known individual matrices are,
1 0 0
[Ra,x] = 0 cos a ~s*n a
- 0 sin a cos a
A4.4a
cos p 0 sin p
[Rp,y] = 0 1 0  
- -sin p 0 cos p
A4.4b
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c o s  y - s i n  y 0 
[Ry>z] =  s i n  y c o s y  0 
0 0 1
A4.4c
The transformation of a point requires a translation in addition to a 
rotation since a point has an absolute position and not merely a direction 
content as does a vector. The translation vector added to the rotated point 
representation is given by the position of the origin of the original reference 
frame observed from and referred to the destination frame. The complete 
point transformation is
HA/2 = [T lkH A /1  +101/2 A4.5
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Appendix i, Analytical First Derivatives Qf Ul£ Site Geometry
Functions
This appendix contains the analytical derivatives of the two functions used 
to derive a solution for the site calibration of the laser tracking instrument as 
described in Chapter 5.
One of the two functions is based on a semi-random path criteria and results 
in a vector of residuals, r, being calculated. The second function is used for 
scale determination and is made of a single parameter, S, for the scale error.
Each element of r, I c i i, represents the norm of the common perpendicular 
vector between the two lines of sight to a target position and was described in 
Chapter 4. A  new expression will be given here which does not assume that all 
the information regarding the lines of sight is expressed with respect to a 
common reference frame,
In order to alleviate the forthcoming equations, the following notational 
equivalents are defined,
Expressions for Li and L2> can be obtained by solving the simultaneous 
system of equation 4.20 using Cramer's rule, with the following results,
l£i i  =V7 JL2/1 - ELl/l) • ( EL2/1 - R.l/1) A5.1
with,
p.1/1 = £.1/1 + ^ 1 frl/1 A5.2
and
E.2/1 = [T2]i a2/2 + ro2/i + \2 { [T23i b2/2 A5.3
T = [T2]1 A5.4a
I  = 102/1 A5.4b
2.1/1 and b.1/1 = a_i and bi A5.4c
a2/2 and b2/2 = a2 and b2 A5.4d
A5.5
A5.6
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Terms Ni, N 2 and D  in equations A5.5 are
N i = k l  • (T a2 + r - a i) (-Tb2 • Th.2) + T k 2 • (T a2 + r - a i) Q>1 • -TI22) A5.7
D = du • L i)  (-Tb2 • Tk2) + (bi . T k 2) . • T h l)  A5.8
N 2 = (b 1 • k l)  T b2 • (T a2 + r - * 1) - On • T I22) b i • ( T a 2 + i - | i )  A5.9
The derivatives of I c [  with respect to the translation vector coordinate x is
* /Ja 2/1 3 HI / A
ai a. 1 ( g-2' 1 - g-1' 0  • r » r ~  *  J
HEU2/1 - E-l/l) • ( E-2/1 - E-l/l)
A5.10
with
dp.2/1 , p  9X2 dr
^ r = T i r k 2 + 3T A5-n
A5.12dx dx
Similar expressions are obtained for the derivatives with respect to y and z. 
Notice that the derivatives of T, a. 1 , b.i, a.2 and &2 are nil with respect to all
three translation site variables. The derivatives of r are
ff = d.0,0) A5.13
|“ = (0,1,0) A5.14
5 7 = (0,0,1) A5.15
The derivatives of I £.1 with respect to the rotation angle a is
'  /Jp.2/1 J P - l/A
3IC.1 ( P-Z/1 ' R-1/^  ' (~8r~-
3x v( E-2/1 - E-l/l) • ( E-2/1 - E-l/l)
A5.16
with
dp.2/1 3^2 dT= T * ^ h 2 + 5 5 (X2 h2 + 82) A5.17
^ H l / 1  AC 10da “ da kl A5'18
Similar expressions are obtained for the derivatives with respect to p and y.
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Notice that the derivatives of r, Ri, fc.1. R2 and ll2 ar& nil with respect to all 
three rotation angle variables. Recalling that T is made of three basic rotation 
matrices as explained in Appendix 4, the derivatives of T are
f = [ R < x , x ] ^ |p 1 [R7,z]
§7= [Ra,x] [Rp.yl^ff1
The derivatives of the basic rotation matrices are
9[Rq.x]
3a
9[RB.y]
3p
d[Ry,z]
dy
1 0 0
0 -sin a -cos a
0 cos a -sin a
-sin P 0 cos p
0 1 0
-cos P 0 -sin p
-sin Y -cos y 0
cos Y -sin y 0
0 0 1
A5.19
A5.20
A5.21
A5.22
A5.23
A5.24
The derivatives of and A,2 with respect to the translation vector 
coordinates follow.
dki d / s 
3x 3x ( *’ )
d n\ 1 3Ni
3x D ' D 3x
A5.25
A5.26
Using the fact that D is not function of r we can write
3^ 1 1 3Nj
3x ~ D  3x
and similarly
dX2 1 3N2 
3x “ D dx
A5.27
A5.28
where
Ph.D. 1988 J.R.R. MAYER 229
Appendix 5 Analytical First Derivatives of the Site Geometry Functions 
(-TH2 • T b 2) (]U • |f) + dU • Th2) (TJl2 • §f) A5.29
and
0N2
dx = (tl • tl) (Tt2 • If) - (Tt2 • tl) (kl • If) A5.30
The expressions for the derivatives with respect to y and z are obtained 
simply by substituting y or z instead of x in equations A5.25 to A5.30.
The derivatives of Li and L2 with respect to the rotation angles are
dNi 3D
dX\ da 1 da
da ~ D 2
and similarly
0N2 0D
d\2 da " 2 0q
9a “  D2
where
A5.31
A5.32
fs+tl- (fjjiu) (-Tt2 - Tt2) + ti • (T42+r-ai) (-2Tt2 • ^ t. 2) + 
Tt2- (Taz + r-ai) (tl • ^ t i )  +(Tk2 • ^ 2.2) +
(f^-b.2 • (T a.2 + r - a.!)) (tl • T t 2) A5.33
= (tl ■ tl) (-2T b.2 • + 2(hi • Th2) (tl • ^ t . 2 ) A5.343D3a
and
f ^ = ( t i - t , ) ( ( T b 2 -a^ a 2 ) + ( £ l u  ' (T 12 + t- 1 1 )))-
(Tt2 'tl) (tl • 3 £ i u )  - (f^ fe .2 ■ t.l) (tl • (T 2.2 + 1 - 2.1 )) A5.35
The expressions for the derivatives with respect to (5 and y are obtained 
simply by substituting p or y instead of a in equations A5.31 to A5.35.
The scale determination parameter S, can be derived in terms of the 
measured target positions on the scale bar as
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S=V(Rs2/l - Rsl/l) • (ELs2/l - Rs 1/1) - D A5.36
The analytical first derivative of s with respect to x is
fdPs2/l 5Rs2 /A  
I 9x dx J
37 = I ' A5.37v(Rs2/l - ELs 1/1) • (Rs2/1 - Rsl/l)
ds (Rs2/1 - Rsl/l)
The expressions for the derivatives with respect to y and z are obtained 
simply by substituting y or z instead of x in equations A5.37.
The analytical first derivative of s with respect to a is
. /d R s 2 / l  d r s 2 /1  
(B*2/l - P-sl/l) ■ (— fa - ~~3a3S3^ -  7= = = = = =   ----------------------------1—  A5.38
\(Rs2/1 " Rsl/l) • (Rs2/1 - Rsl/l)
The expressions for the derivatives with respect to p and y are obtained 
simply by substituting p or y instead of a in equations A5.38.
There remains to be defined the derivatives of each scale bar points Rs2/1 
and Rsl/l as function of their defining points on individual lines of sight from 
each sub-system.
aas2/i i /3r S2.i/i a_Rsm i ) a , oQ
da 2y da da J A5.39
dRsl/l_l / B R s I . I / I  9 R s 1 . 2 / 1
3a 21 3a 3a A5.40
Similar expressions are obtained for the derivatives with respect to all five 
other site variables. The expressions for the individual points on each line of 
sight are the same as those described in the case of the residual I c. i L
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A ppendix 6 Generation of Artificial Sub-Svstem R a w  Data
This appendix describes a method to generate a complete raw data sample 
for a given target position. The method allows the effects of some sub-system 
parametric geometric errors to be included. This facility proved invaluable in 
testing the instrument data processing software and algorithms.
Let us assume that the target coordinates are referred to a target reference 
frame. The first operation consists of transforming these coordinates into the 
reference frame of each sub-system. To perform these transformations the 
relative position between the two sub-systems and the target frame must be 
defined.
Gilby [75] derived two equations to calculate the scanner angles as
functions of the target coordinates. The model for the sub-system optical
hardware assumes a perfect geometry and only allows the geometric
dimension separating the two scanning axis d to be changed.
1 z . , ,0X = T  arctan-  A6.1* 2 y
At this point offsets can be subtracted from these angles to simulate that 
type of geometric error.
The generation of realistic raw data for the quadrant detector proved too
complex to justify its inclusion in the model. However a 2D offset vector,
( e n x » e n y )  can be added to the otherwise non-existent tracking errors. In order 
to obtain a solution for the four individual quadrant detector outputs, two 
additional conditions must be imposed. One condition is that the sum of the 
four quadrants is 1, the other is that the output from quadrant 1 is always 0.25. 
From these conditions the following system of four equations and four 
unknowns is obtained.
qi + q2 + <13 + Q4 = 1 A6.3
qi - q2 - q3 + q4 = enx A6.4
qi + q2 + q3 + q4 = eny A6.5
qi =1 A6.6
This linear system can be solved for any offset vector value.
0y = T  arctan1 X A6.2d + V y2 + z2
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The raw data must then be converted from a 2-byte integer 2's complement 
representation into a 2-byte direct offset binary format to be in a similar 
format to that produced by the Markll sub-system.
In order to fully test the instrument data processing software, a set of four 
distinct raw data files were produced. The first file is equivalent to measuring
64 different target positions located on a regular 1 metre cubic grid. The grid
is squared and centred on the target reference frame axes The second and
third files are for measurements of the two targets on the scale bar. The scale 
bar target coordinates are (-0.5, 0, 0) and (0.5, 0, 0). The location of the target 
reference frame and the site geometry are selected at the time of producing 
the raw data. This facility is important to assess the effect of site geometry and 
scale bar position on the software which estimates the site geometry. Finally, 
the fourth file simulates the file that is collected before testing to assess the 
quadrant detector four channel offsets.
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